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FOREWORD 


The  cardinal  purpoM  o(  this  report  la  to  discuss  a principle 
of  control  system  desifn  based  upon  considerations  of  human  engi- 
neering. This  principle  will  be  found  to  advocate  design  practices 
lor  man -machine  sysums  similar  to  those  customarily  employed 
by  engineers  with  fuUyautomatlc  systems.  Admittedly,  the  reason- 
ing leading  to  the  principle  is  largely  speculative,  but  successes 
have  been  attained  In  following  it  which  would  seem  to  warrant  a 
hopeful  attitude  toward  Its  future  ueefulnees. 

Part  1 is  tntendsd  to  be  fully  self-contained  and  to  carry  the 
complete  argument  for  the  principle,  as  wsU  as  tnclneerlng  sug- 
gestions as  to  lu  sccompUshment.  In  th**  part,  both  eng ineerlng  and 
paychologlcai  tarmlaoVogy  are  employed,  but  the  message  Is  phrased 
primarily  for  the  ei^ineer  rati  rr  than  tor  the  psychologist. 

Quite  the  contrsry  Is  tnw  for  Part  2 of  the  report.  In  this  part, 
the  dejlgn  principle,  which  tnitlslly  was  stated  In  terms  of  a contin- 
uous mathsmattcai  modsl,  Is  rsststsd  In  tsrmn  of  the  essential 
discontinuities  of  sUmulas-response  psyeholofy*  Though  this  may 
hold  no  lo'.medlate  interest  tor  the  snginser,  it  should  servo  to 
provide  the  peychologtst  with  a better  understaj  !lng  of  whsterer 
efficacy  the  design  principle  may  be  shown  to  possess.  Further- 
more, since  many  peyebolagtsis  tend  to  ^hlnk  and  structure  their 
research  around  sttmulus-response  concepts,  Part  2 may  provide 
an  avenue  by  means  of  which  the  findings  of  peycholoflcal  Ubora- 
tories  can  contribute  materially  to  control  engineering. 

It  is  too  much  to  expectthnt  the  design  principle  set  forth  In  this 
paper  will  long  stand  without  elaboration  or  correction.  The  fact 
that  It  Is  posstUe  to  tcr.ouuDodate  the  principle  vlthln  the  structure 
of  two  different,  and  to  some  ealent  antinomic,  models  points  to 
increased  specificity  as  one  direction  In  which  modification  would  be 
desirable.  Future  research  will,  no  doubt,  make  necessary  other 
and  perhaps  more  Important  changes.  However,  If  in  spite  of  Us 
ultimate  inadequacy,  the  approach  described  in  this  r ;port  directly 
furthers  control  engineering  by  a small  amount  and,  indirectly, 
leads  others  to  develop  more  sophisticated  and  fruitful  principles, 
this  effort  will  not  have  been  wasted. 
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ABSTRACT 


Empirical  evidence  suggests  that,  at  least  (or  short 
periods  of  activity,  the  simpler  Ste  tasits  Imposed  upon  the 
human  operator  of  a control  system  the  more  precise  _<id 
less  variable  become  his  responses.  This  leads  to  the  view 
that  optimal  man-machine  control  system  performance  can 
be  obtained  only  when  the  mechanical  compunenta  of  the 
system  are  designed  so  that  the  human  ne^  act  only  as  a 
simple  amplifier.  Ways  and  means  are  described  for 
achieving  such  design  through  'unburdening*  (relieving  the 
operator  of  the  task  of  acung  as  an  Integrator)  and*i;ulckanlng* 
(providing  the  operator  with  immcdtats  knowledge  of  the 
effects  of  his  own  responses).  Aided  tracking  usd  other 
eftorts  to  Improvt  > stability  cf  man  machine  systems  by 
modifying  the  display  clrcutti^  are  shown  to  be  esamplos 
of  these  two  processes. 

In  Part  2,  a 'sUmulus-reattanse*  analysis  Is  mads  cf  the 
conceptsof  wburdenlng  and  quleksnlng.  It  la  argued  that  In 
those man-machln*8ystemarrangements  which  rettulre  that 
the  operator  behave  as  nothing  more  complicated  than  a 
simple  amplifier , a condition  of 'stimulus  response  Integrity* 
may  be  said  to  exist.  Only  under  this  condition  do  the 
responses  which  the  man  Is  called  upon  to  make  bear  an 
Invariant  ard  proporttonnl  relattonshlp  to  the  Instantaneous 
amplitude  values  of  the  visual  error  (stimuli) . It  Is  suggested 
that  the  choice  of  a pur'.ult  or  compensatory  type  display  la 
contingent  upon  the  extent  to  which  sUmuius-reeponss  Integ- 
rity has  been  achieved  In  the  system  under  consideration 
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A HUMAN  S^Gg^lEPING  APPROACH  TO  THi  DESIGN 
OF  MAN-OPESAT^  CONTINUOUS  CONTROL  SYST^ 


PAST  1 

THE  SUBSTITUTION  OF  MECHANICAL  FUNCTIONS 
FOR  ELEMENTS  OF  THE  HUMAN  OPERATOR’S  TASK 


THE  MAN-MACHINE  SYSTEM 

In  many  control  systems  me  humsn  sets  u the  orrur  detector.  Men  plsy  such  a role 
in  piloting  aircraft,  In  steering  ships,  In  controlling  submarines  In  headLng  and  depth.  In 
driving  tanka  and  automobiles,  and  is  traeklss  with  gun  and  missile  directors.  During  the 
last  decade  it  .has  oe<-ome  evident  that,  to  order  to  develop  control  systems  with  maximum 
I .oreclaion  and  stability,  human  response  chnractorlsUcs  have  to  be  takeo  into  account. 

Accordingly,  Uic  new  discipline  of  engineering  psychology  was  created  to  undertake  the 
study  of  man  from  an  englueerlng  point  of  view. 

One  of  the  by-products  of  engineering  psychology  is  the  concvptualtsatlon  of  the  humsn 
operator  and  the  machine  which  he  controls  au  the  two  parts  of  ons  ovsr-all  man-machine 
system  Figure  I shows  a paradigm  of  this  concept. 

I 

I 


Figure  1 - The  mAn-m«chine  evAtem 
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The  man  Is  schematited  by  th«  boxes  shown  above  the  heavy  black  line,  whtie  cum- 
poncnts  01  liie  machine  arc  blocked  In  below.  In  the  human,  three  sets  of  organs  or  func- 
tions are  important  to  nan-machtne  system  operation,  these  are  the  receptors,  the  central 
nervous  system  (CNS),  and  the  effectors. 

The  receptors  consist  of  tho  sense  organs  cl  the  body;  for  example,  special  ceils  In 
the  retina  of  the  eye,  the  organs  of  Cord  In  the  ear,  and  the  proprioceptors  In  the  muscles, 
tendons,  and  Joints.  It  Is  through  the  receptor  organs  that  changes  in  energy  in  the  external 
environment  take  effect  upon  the  human  organism.  Such  energy  changes  which  excite  recep- 
tor cells  are  called  stimuli  (S). 

But  m * only  Is  die  organism  acted  upon  by  die  environment— In  turn  the  man  modifies 
the  external  world  through  respoases  (R)  of  the  effector  organs.  In  the  human,  the  effec- 
tors consist  of  muscles  and  glands,  iusugh  mily  the  former  are  dlrecUy  Involved  in  man- 
machine  system  ftmedon. 

Between  the  receptors  and  eSectora  ts  shown  the  central  nervous  system,  which  con- 
sists of  the  brain  asd  spinal  cord.  It  is  through  the  aedvtty  of  this  nervous  syatsm  that 
thought.  Judgment,  and  dectslon-maktng  arise  and  learning  lakes  place. 

Connecting  the  three  uppermost  booma  are  lines  which  represent  the  poripbsrai  nerv- 
ous 8 ystem, with  thesensory  nerves  connscdi^  the  receptors  to  the  central  nervous  system 
and  with  the  effectors  being  snpplted  by  the  motor  nerves.  The  upper  pardca  of  tha  diagram 
may  be  Interpreted  an  Indicating  dat  admoladon  from  the  outside  leads  to  nerve  Impulses 
going  to  the  central  nervous  syanm,  wiiarc  may  w miiuted  the  iierre:  t;  the 
muscles.  The  latter  respond,  moving  the  body  or  apiplytng  force  to  acme  object  and  tbua 
altering  In  some  degree  the  state  of  the  exUr^  world. 

The  only  part  of  man’s  eavlroamen.  repreaented  tn  the  diagram  is  tbs  machine,  which 
Is  shown  In  the  lower  half  of  tho  figure.  It  Is  through  the  controls,  the  levtrt,  knobs, 
handwheels,  and  switches  that  human  response  taksa  its  effect  upon  ths  mschanlsm  On  the 
other  hand.  It  is  through  the  dlaplaya,  the  dials,  light  panels,  cathode  ray  tubes,  horns, 
buxzers,  and  cross-pointer  tndteatora  that  tbs  operator  ts  presented  with  Information  con- 
cerning the  aedviUss  of  the  mechanism,  which  ts  represented  In  the  schema  by  die  wx 
tabsUed  U.  Within  tbs  box  are  ths  vacuum  tubes,  tbs  amplifiers,  the  special  clrcuiis,  the 
servo  motors,  the  electronic  or  mechanical  comjratera,  aixl  the  power  drives— In  st  jrt, 
those  parts  of  the  system  which  are  traditionally  of  greatest  Interest  to  the  engines’ . 

At  the  very  bottom  of  the  paradigm  are  shown  the  Input  and  the  output  of  ths  sy>  tern. 

The  nature  of  these  two  quandUas  de[>eoda,  of  course,  upon  the  particular  man-macnlne 
sysieui  wider  consideration.  In  an  automobile -driver  system  the  Input  consists  of  succes- 
oive  positions  along  the  relating  roadway,  as  nsually  apprehended,  while  the  output  ts  the 
progress  of  the  car  along  the  hlgnway.  In  an  unttalrcrah  system,  the  Input  Is  the  spatial 
course  of  the  enemy  vtreraft  sensed  Uirc  jgh  optics  or  radar.  The  output.  In  this  case, 
consists  of  voltages  which  position  the  guns  so  that  the  bullets  will  pose  close  to  the  target 

If  ‘Jie  co.mpletc  man-machine  system  Is  assumed  to  be  a gun  pointing  device,  the  Infor- 
mational flow  13  as  follows  the  position  of  the  enemy  aircraft  Is  sensed,  let  us  say,  by- 
radar  This  t-Iormatlon  Is  processed  at  M and  displayed  to  the  nperamr.  The  display 
might  Oe  such  as  to  present  the  target  as  a dot  on  a cathode  ray  tube,  seen  against  a cen- 
tered cross  line  The  operator,  having  been  instructed  to  track  the  target,  observes  the 

m. .sAagnmcnt  ana  manipulates  a conlrnl  to  move  the  target  onto  the  reticle.  The  conlrul 

n. 'tton,  when  Iranstormcd  by  M,  (1)  changes  the  eystem  output  (It  repositions  the  guni-i, 

.(  tic  human’s  response  has  teen  sdeqvale,  reduce.s  the  misalignment  between 

rcs-.  .j  However,  since  the  Input  will  continue  to  change, 'he  ■ u - 
ed  continually  to  make  control  adjustments  If  he  Is  to  keep  the  mt-a  iv' 
wul  have  the  ellect  of  insuring  mat  the  outp-’t  of  n--  ,■ 
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len^alns  more  less  appropriate  to  the  input,  i.e.,  that  the  guns  <*•[{1  shoot  In  the  general 
airectlon  ot  the  larKct.  !n  the  of  alrnUios  tanka,  radars,  sonars,  and  the  like,  dif- 
ferent Inputs  and  outputs  are  involved,  but  the  diagram  Uts  equally  well- 

n general,  U is  the  usk  oi  the  eng‘netrirvg  psychologist  to  assist  the  engineer  In  deslgn- 
insthedlsplayj>,  controls,  and  intervening  mechanism  so  that  the  output  of  the  man-machine 
system  is  opUmteed,  while  the  human  operator  requirements  in  regard  to  .laUve  ability 
and  training  are  minimized.  Specifically,  this  report  will  be  confined  to  recommendations 
concerning  the  design  of  the  circuits  and  equipments  which  define  the  task  of  the  operator 
in  a continuous  control  loop. 


HUMAN  CHARACTERISTICS  RELEVANT  TO  CONTROL  ENOWSERING 
Vlsion—Man's  Basic  Input  Channel 

Though,  thecretlcally,  several  of  the  human  senses  could  be  made  to  serve  as  infor- 
mation channels  through  which  the  roan  could  detect  changes  inthe  state  of  a controlled 
quantity,  only  vision  and  hear  ng  have  been  utilised  to  any  extent  as  primary  inputs  In  con- 
trol en^ceering.  Furthermore,  of  the  two  senses,  only  vision  has  been  employed  fre- 
quently This  is  principally  the  result  of  the  fact  that  only  the  sense  of  sl^t  permits  both 
the  direct  and  accurate  apprehension  of  geometrical  apace  as  U extends  outward  beyond 
-ne  cuniima  Of  the  body.  This  spatial  quality  underlies  three  of  the  following  four  prop- 
erties of  the  visual  sense  which  are  frequently  exploited  by  control  engineers: 

Acuity  - Though  Uvere 'are  many  different  measures  of  vtsul  acuity,  tnose  most  rele- 
vant'to  continuous  control  and  *rac)^  tasks  indicate  that  in  operator  with  noimal  eyesight 
would  have  no  difficulty  in  detecting  a visual  error  of  0.3  mil  real  field  (22).  If  the  target 
Is  viewed  inruugn  an  cptlcal  telescope,  a magnification  of  only  six  power  is  needed  to 
increase  the  visual  resolution  to  0.05  mil  re^  fieU.  Although  loss  of  light  through  the 
lenses  will  attenuate  this  ligure  somewhat,  the  acuity  will  still  be  very  high  for  control 
devices. 

Form  Perception  - The  ability  to  perceive  visually  and  react  to  spatial  conflguratlcns 
found  only  in  higher  living  organisms.  For  certain  tasks  requiring  landmark  or  target 
ivcogiiiuMt,  ui«  oelccUoi'i  and  tracking  of  one  of  man/  targets,  and-vr  the  ulrevi  Identt- 
ftestion  of  friend  or  foe.  there  is  no  adequate  substitute  for  the  human  eye. 

invulnerahilitY  to  Confusion  - As  a result  of  the  high  acuUy  and  the  ability  to  discrim- 
inate form  the  visual  sense  is  Immune  to  certain  confusions  which  affect  radar  performance 
deleteriousiy  Whereas  to  the  eye,  an  aircraft  is  recognizably  different  from  a cloud  or 
ra'"  M jr  m,  ihts  is  not  always  so  with  radar. 

Invulnera.mUy  to  Electronic  jamming  - Though  oir.'Ct  vision  is  Umlled  to  moderate 
I ATjes  and  lo  condUions  of  clear  daytime  vislbilUy,  it  Is  Immune  to  all  forms  of  electronic 
}un  ming  This  feature  gains  importance  as  electronic  sophlstUatlon  Increases  on  th^  part 
of  pro''pec*ive  foes 


Huniai-.  0 tout 

Application  of  Force  - All  human  r^'^sponses  which  are  dlrectlv  necessary  to  the 
func'ior.ing  o<  man  machine  v<5tems  are  brought  abo»*t  thiough  the  syn'‘rg«'ilc  contraction 
u.ivi  .vlixat.  M ' mu>..les  whed  to  the  ske>t-...ii  *n  suthaUsn»onthai  force  is>  appaed 
no  I r-  jfe  i ontr^'is  Chough  man  is  one  of  the  weaxeat  of  vne  higher  animalfa.  he  can 
- *-ver.i'  hij^nred  pounds  of  force  wiih  leg  and  bac<  muscUs  for  sforl  p^.r‘uds  ( • 

'u  The  blretigth  of  the  aiPi.-*  's  ojnaldtraolv  l»»s‘  but  tvt).  . i 
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this  oas?  more  tnan  50  noup<l3  oC  ?ull  can  b*  applied  arith  the  arms  In  bursts  without  fear 
of  over -taxing  the  orgimlsm  (23).  Less  Is  known  about  man’s  ability  to  graduate  his  force 
applications  with  precision  than  about  the  limits  of  his  strength.  However,  evidence  is 
available  which  shows  that  the  absolute  variability  of  an  operator  in  reproducing  pressures 
with  aircraft-type  controls  Increases  as  the  pressures  increase  from  ens  through  40 
pounds,  but  that  the  relntlve  variability  decreases  from  one  through  10  pounds  and  there- 
after remains  fairly  constant  |12).  Inferences  from  early  tifted-welght  experiments  sug- 
gest that  below  one  pounn  the  precision  of  force  contrcl  deteriorates  very  rapioly  (27). 

The  Action  of  Force  on  Different  Controls  - Analysts  discloses  tha  different  controls, 
when  acted  upon  by  physical  force,  respond  In  ways  which  require  different  mathematical 
characteriratlons.  Thus,  if  force  Is  applied  bv  wliaUtver  mea,is  to  a spring-centered 
joystick,  the  angle  through  which  the  joystick  Is  displaced  Is  directly  proportional  to  the 
magnitude  of  the  applied  force.  This  la  true  whether  the  restraining  springs  are  relatively 
weak  or  so  stiff  that  they  permit  practically  no  motion  of  the  control,  as  Is  the  case  with 
» pressure  Joystick.  With  the  latter,  however,  gain  Is  markedly  reduetd  from  that  which 
obtains  when  more  motion  Is  permitted. 

In  contrast  to  the  action  of  a spring-centered  control,  a vlscouiily  damped  joystick 
via  respond  to  applied  force  by  moving  with  an  angular  velocity  proportional  m the  mag- 
nitude of  the  force.  Th'"  means  that,  with  this  type  of  control,  joystick  displacement  Is 
proportional  to  the  Ume  Integral  of  force. 


Finally,  If  the  damper  Is  removed.  Inertia  added,  and  force  applied,  the  joystick  will 
exhibit  an  angular  acceleration  which  wlii  be  proportional  to  the  magnitude  of  applied  force 
With  this  control  arrangement,  joystick  displacement  becomes  proportional  to  the  second 
integral  of  force. 
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It  fa  true,  then,  that  aero,  one.or  two 
integrations  can  be  accomplished  by  the 
pnystca’  Interaction  between  force  and  the 
control,  depending  upon  whether  sprir.g- 
centsrlng,  viscous  damping,  or  Inertia  Is 
the  dominant  characteristic  of  the  control. 
Furthermore,  the  gain  factors  can  be  mod- 
lllsd  by  adjusting  (a)  the  sensitivity  of  the 
control  pickolf  and  (o)  the  amount  of  spring- 
centering  in  the  first  case,  damping  In  the 
second,  and  Inertia  In  the  third.  In  Fig.  2 
are  shown  the  block  diagrams  and  equations 
for  the  responses  to  applied  force  of  the  three 
types  of  joystick. 

In  tile  equations, Pq  Is  io  be  taken  as  the 
amplitude  of  joystick  displacement  while 
represents  the  amplitude  of  the  force  Input 
as  functions  of  time.  One  dot  over  a term 
Indlcaive  the  first  derivative  with  respect 
to  time.  a..d  two  dots  the  second  del  ivatlve 
of  the  term.  The  a represents  a constant 
which  may  change  in  value  from  one  equaiU-.n 
to  the  next  In  Fig  2 the  ii  iangies  represent 
amplifiers  of  adjustable  gain,  and  tlie  square 
boxes  labelled  J roprese.nl  Integrators. 
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Foicc  as  Man  s Output  - Introspective  anaJysls  suggests  that  the  human  regards  his 
own  basic  output  as  limu  displacement,  at  least  lor  moat  situations.  However,  this  cannot 
usefully  be  taken  to  be  his  output  ii.  the  case  where  the  control  which  he  Is  manipulating 
IS  so  tightly  sprlng-reslraintd  that  It  moves  only  a millimeter  or  two  under  maximal  pres- 
sure. Under  ouch  circumstances  it  Is  conveiuent  to  take  appllea  force  as  man's  output. 

As  a matter  of  fact,  it  seems  reasonable  to  take  applied  force  as  the  fundamental  human 
output  in  aU  ^.ontroi  systems,  since,  as  Kick  (1946)  (8)  and  Hick  and  Bates  (1950)  (10)  point 
out  m tiieir  tirportari  papers,  forc^  mus>  be  applied  to  every  control  regardless  of  the  par- 
ticular transfer  properties  involved  m any  one  situation.  Accordingly,  human  output  will  be 
equated  wltn  force  throughout  this  report.  This  is  done  without  any  neceesary  implication 
that  force  is  more  “real*  than  aisplacemsnt  or  that  this  particular  way  of  looldng  at  human 
behavior  win  be  especially  productive  if  transferred  lr>.‘m  auman  engineering  to  theoretical 
psychology. 

Kinesthetic  Feedback  - It  snould  be  pointeo  out  that  different  control  arrangements 
not  omy  integrate  force  a varying  number  of  times,  but  that  they  also  affect  qualitatively 
and  quantitatively  tne  information  fed  oack  from  the  kinesthetic  receptors  In  the  Useuee 
of  the  active  limb.  When  a pressure  jjysUck  Is  beiiig  employed,  the  kinesthetic  feedback 
contains  umy  information  relating  to  foice  or  pressure,  since  nc  displacement  is  permitted 
by  me  control.  However,  with  a moving  Joystick,  the  feedback  pattern  contains  Information 
about  the  displacement  of  the  limb  and,  perhaps,  even  about  the  rate  of  displacement  as 
well  as  stretch  or  pressure  spiciflcatlons.  This  might  lead  one  to  conclude  that  control 
with  a pressure  stick  would  be  less  accurate  than  with  a Joystick  which  moved. 

But  quije  t'le  opposiie  conclusion  has  been  reached  by  Olbbs  (7)  who  finds  pressure 
control  to  be  superior  to  dispiacement  control.  In  explanation  of  this,  he  adduces  physi- 
ological evidence  to  show  that  the  proprioceptive  information  available  during  pressure 
control  IS  greater  in  amount,  more  rapidly  conducted,  and  mere  directly  related  tc  applied 
tension  tnan  that  arising  from  the  manipulation  of  a displacement  control.  It  would  seem, 
however,  that  more  evidence  concerning  these  matters  is  still  required  before  the  issue 
of  the  absolute  superiority  of  one  type  cf  control  over  another  can  be  closed.  This  matter 
will  be  mentioned  again  later  In  this  report. 


Central  Processes 

Intermlttency  - Whenever  Uie  human  is  called  upon  to  respond  to  some  transient  In  his 
sensory  environment,  a period  of  time  eiapees  before  any  response  Is  Initiated  This  pause 
oofore  the  starting  of  a response  is  called  the  teaction  time,  aiid  though  it  varies  widely 
frurr  moment  to  moment,  it  averages  around  350  mllUseconds  If  any  *chotce*  Is  required. 

Ther®  are  several  different  sources  of  evidence  (2,  4,  5,  9,  25)  which  suggest  U'at,  as 
a consequence  of  the  reaction  time  delay  and  other  factors,  human  response  Is  intermittent 
rather  than  continuous.  U would  seem  that  If  any  type  ot  servo  ntotor  could  be  taken  as  ^ 
analogue  of  human  behavior,  It  wo»,ld  have  to  be  an  intermittently  sampling  servo,  i stead 
01  a continuous  follower.  The  available  evidence  points  to  a periodicity  In  mar.  of  abo'n: 
two  responses  per  second,  with  a single  response  cyck  taUi.g  500  mliUsecor 's  or  more 
and  with  this  time  fairly  equally  divided  beiv-eer.  the  reaction  time  and  the  u>uvement  time 
it  appcAjiE  that  the  organism  utilizes  the  reaction  time  to  'organize*  the  response  which, 
once  triggered,  run.i  off  to  completion  without  direct  voluntary  control. 

Bandpass  - II  the  evidence  on  human  response  mtermittency  Is  accepted,  U is  possible 
U)  tnier  ihe  highest  inpu»  freouency  wnlch  the  man  ..an  soccessfuily  follow  Practical  exjw- 
rl®’.ce  uidlLalcs  that  foui  '^ampie.s  per  cycle  aie  required  to  reproduce  the  waveform 

){  ‘he  input  with  .--rasonable  fidelity  ii  ints  is  taken  as  a mlnlm.'tl  figure,  it  follows  that 
the  hunan,  re.^pondin^?  «jn  an  average  ot  twice  per  second,  will  be  aole  follow  with  some 
s.  '.fss  frequcr.cie-j  higher  than  0 d cvcli*  second  Of  course,  the  low®r  *ne  mnui 
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froQuency,  me  more  siunpies  per  cycle  will  be  owalned,  with  the  result  that  the  Ildellty 
of  reproduction  will  Increase  as  the  Input  frequencies  drop. 


Translating  cycles  per  second  Into  radians  pet  second,  our  Inferences  lead  to  the 
speclfi.  '*lon  of  the  human  band,  aso  as  the  region  between  aero  and  three  radians  per 
aecond 


The  Human  Transfer  Function  - > would  oe  convenient  for  engineers  If  It  were  pos- 
slble  to  write  an  equation  which  would  . epresent  the  transfer  function  of  the  human  In  a 
man-machine  system.  With  this  transfe,  function  available,  It  would  then  be  possible,  at 
least  theoretically,  to  design  the  remainder  of  the  system  to  complement  the  man  s char- 
acteristics in  such  a way  as  to  achieve  high  system  precision  and  stability.  Accordingly, 
several  studies  have  been  run  In  the  attempt  to  characterize  human  tracking  performance 
In  mathematical  terms.  Perhaps  the  best  known  of  these  were  carried  out  by  Phillips  (11), 
Tustln  (24),  and  Raggazlnl  (Ifl. 


Two  difficulties  stand  In  the  way  of  obtaining  any  single  useful  equation  representing 
man's  input-output  reUUonshlps.  The  first  relates  to  the  difficulty  of  providing  an  ade- 
quate mathematical  treatment  for  an  Intermittent  system,  such  as  the  human  appears  to  be. 
ThouKh  It  Is  possible  to  deal  with  a dlsconthnuously  sampling  system  In  terms  of  nonlinear 
mathematics,  it  is  ertremely  awkward  and  tedious  to  do  so  ( 21).  It  Is  customary,  therefore, 
to  treat  such  intermittent  systems  in  terms  of  the  nearest  linear  approxlmat-on.  Tms  Is 
done  In  the  hope  tnat,  although  the  model  chossr.  Is  recognized  as  being  an  Im^r-cct  anal- 
ogy '*  is  still  sufficiently  appropriate  to  be  useful.  In  fact,  all  expressions  of  the  human 
transVer  function  to  date  have  had  the  form  of  linear  differential  equations  and,  no  doubt, 
this  practice  will  continue.  The  final  ludgment  as  to  the  fruitfulness  of  thus  approximating 
the  Intermittent  by  means  of  a continuous  model  must  await  the  analysis  of  future  experi- 
mental and  pragmatic  evidence. 


But  oven  more  (undamenUl  to  the  problem  of  writing  an  equation  to  express  human 
Input-output  relationships  \r,  the  fact  that  man  appears  to  have  many  transfer  functions. 
Evidence  il8)  suggests  that,  through  learning,  the  human  operator  modifies  his  transfer 
function  and  alters  his  gains  to  suit  the  control  task  with  which  he  Is  confronted.  U the 
task  requires  an  integration,  he  soon  starts  act!r,g  as  an  Integrator,  or  If  dliferentlatlon 
Is  called  (or,  that  also  will  be  supplied.  In  short,  the  man  alters  his  transfer  properties 
In  the  direction  ol  optlmlz'ng  the  perlormanco  of  the  man-machine  system  as  It  Is  com- 
municated to  him  through  the  displays. 


This  adaptability  on  the  part  of  the  man  Is.  of  course,  a great  boon  to  Lhe  control 
designer,  since  he  can  rely  upon  the  num«r.  to  nahe  ^he  most  of  any  control  system,  no 
matter  hajw  inadequate.  It  Is  this  which  probably  constitutes  the  most  imporwni  sir^lc 
reason  lor  using  men  in  control  loops.  Yet,  this  very  adjustability  renders  any  specific 
mathematical  expression  describing  human  behavior  in  one  particular  control  loop  quite 
invalifl  for  ■'nother  man-machine  arrangemetil.  This  suggests  strongly  Dial  (Jifi  human 
transler  function'  is  a scienttllc  ignis  latuus  which  can  lure  the  control  system  designer 
Into  a fruitless  and  interminable  quest. 


It  would  be  better  to  recog  ilze  man’s  propensity  for  adaptation  and  to  consider  whether 
the  human  operator  Is  equally  precise  when  he  adopts  one  transfer  function  as  when  he 
assumes  dltferent  transmissi..n  properties.  If  it  should  tuin  out  that  this  Is  not  the  case, 

It  would  then  seem  des'rable  to  design  the  norhuman  elements  of  the  control  system  r as 
to  use  the  ma.-  l.i  the  role  in  which  he  Is  most  competent. 


Unfortunately,  no  direct  scientific  evidence  Is  available  to  furnlsli  guidance  In  this 
matter  However,  empirical  observations  suggest  that  there  are  wide  variations  In  man  s 
aWlttv  to  salisfv  different  equatlo-s  and  'tiat,  speekmg  malnen.atlcallv,  he  Is  bent  when 
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dolag  «Ast.  U becomes,  therefore,  a fundaraenUl  assumpUor  of  this  paper  that  ihe  more 
complex  the  huiu^'i  Usk,  the  less  precise  and  Ir.e  sore  variable  becomes  the  man.l  it  Is 
assumed  that,  within  limits,  the  higher  the  number  of  IntegrAuons  and/cr  differentiations 
required  of  the  man  the  poorer  will  he  perform.  Conversely,  it  is  hypothesized  that  the 
more  the  human  on*rator  is  freed  from  the  tasks  of  integratfcn  and  differentiation  the  more 
regular  and  precise  will  become  the  human  output.  Hunan  control  behavior,  it  is  asserted, 
reaches  the  optimum  when  the  man  becomes  the  analogue  of  a simple  amplifier  as  shown 
in  the  following  equation: 


«o  (t  + t)  . (t)  (1) 

where  t represents  n vslue  In  Ume,  and  r equals  the  human  reaction  time. 


A E.ASIC  PRINCIPLE  OF  CONTROL  DESIGN 

In  contrast  to  the  poor  performance  of  complex  tasks  hypothesSzod  for  the  human 
operator  Is  the  (act  that  machines  can  be  built  to  perlorm  Intricate  computations  with 
remarkabi,  high  precision  and  low  varlablllt;.  It  is  true  that  stability  and  accuracy  are 
not  obtained  without  effor..,  but  for  such  tasks  as  double  or  triple  integration  and/or  dll- 
frrentlatlon  it  seems  unquestionable  that  electronic  or  mechanical  components  can  be  made 
to  be  more  precise  and  repeatable  tha . man. 

If  this  Is  (he  case,  and  If  precision  Is  required,  H follows  that  when  a man-machine 
system  must  Integrate,  differentiate,  or  perform  other  highar-erder  computations,  these 
should  be  supplied  by  the  nonhuman  components  of  the  system  whenever  pooslble.  Tide  Is 
tantamount  to  saying  that  the  human  should  b«  required  to  do  no  more  than  operate  as  a 
simple  amplifier.  Broadening  this  somewnat,  adding  to  It  a statement  as  to  human  band" 
width,  and  phrasing  It  as  a general  dealgn  principle,  the  following  emerges;  Design  the 
man-machine  ^Ystem  so  that  (1)  the  bandpass  required  of  the  man  never  exceeds  three 
radlana  per  second  and  (2)  the  transfer  function  required  of  the  man  is.  mathemaUcallv. 
alravB  as  simple  as  posalble,  and,  wherever  practicable,  no  more  complex  than  that  of  a 
simple  amplifier.  ~ 

The  remainder  of  this  paper  will  consist  of  illustrations  of  ways  of  utilizing  this  prin- 
ciple, together  th  explanations  ol  its  efficacy  in  human  engineering  terms.  However, 
two  matters  require  general  coerment  at  this  early  point  In  the  dlecusalon.  First  of  all, 
it  is  essential  to  describe  a basic  condition  which  must  be  observed  If  the  ultimate  Intent 
of  the  design  principle  Is  to  be  achieve- . Second,  It  Is  necessary  to  answer  the  obvious 
question  of  why,  aner  oesigning  the  eystem  so  that  only  amplification  is  required  of  the 
ma.",,  one  should  not  take  the  final  step  of  dlspenelng  with  him  entirely  by  substituting  an 
acPial  smnUfler  In  his  place. 

As  to  the  tlrst,  In  order  to  obtain  optimum  performance  from  the  control  system,  It  Is 
nocesaefy,  not  only  to  design  the  system  so  that  amplification  Is  all  that  Is  required  of  the 
operator,  but  It  Is  also  necessary  to  Insure  that  the  operator  adopts  thle,  and  no  other, 
mode  of  response.  It  appears  that  when  placed  In  a control  loop,  ths  human  goes  through 
a trial -aeij.ei  ror  process  wherein  he  varies  his  transfer  function  until  he  achieves  a con- 
dition of  •n'nlmuni  av-rage  error  as  It  Is  reflected  to  him  via  the  display.  It  follows  from 
this  t;-3t  to  insure  the  adoption  by  the  operator  ol  a mode  of  action  equivalent  to  simple 

^rhis  a»«umpiion  an4  all  others  to  be  stateU  >fi  Part  I o(  thta  report  are  niadc  in  rela. 
tiO''  to  tiacking  and  con»"  stems  'mploying  ' ct-mpenaatory"  type  displays  Sinc'  tnese 
a'e  used  o’e'jor.deranttv  practu-ai  mar.  - macftine  systems  It  i«  anticipated  tbit  »omc  of 
'hesc  assuinpiions  require  elaboration  wher  they  ftic  ap^rlted  'o  tyalems  such  as  mav 

>dt>-.ia“-v  'ise  we«-i  the  po”i'e'  ' diJoI«v  (.an  je 

■•eft  Th>  lU'.'iwi  uedwvs.sscdw.af.y  n ,’art  w 
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amplification,  U is  necessary  to  so  design  the  nor.huuian  components  that  the  operator  will 
achieve  mlnimuin  error  at  the  display  when  he  acts  as  an  amplifier,  If,  through  lnadv?i^- 
ence,  the  design  of  the  cor^-oi  loop  oermits  the  operator  1j  reducF  ti  e displayed  error 
more  by  act.ng  as  an  Integrator,  differentiator,  or  a combination  of  one  or  more  of  these 
than  as  an  amplifier,  then,  most  certainly,  he  will  do  so. 

lit  regard  to  the  question  of  why  the  design  principle  does  not  lead  logically  to  employ- 
ing an  amplifier  to  supercede  the  man,  cne  can  only  say  that  it  does  lead  to  precisely 
that — whenever  it  Is  feasible.  Under  some  circumstances  the  best  man-machine  sy.>  em 
design  will  demand  the  removal  of  the  human  from  the  system.  But  in  many  other  circum- 
stances it  would  be  impractical  to  automatize  completely. 

For  exam.ple,  in  cases  where  the  opeiator  tracks  targets  optically,  his  removal  would 
require  the  substitution  of  radar,  infrared,  or  some  o^ter  electronic  sensing  mecltanlsm. 

In  other  situations,  even  though  it  might  be  quite  possible  t>  j emove  the  man  from  the 
coutrol  loop,  It  would  be  deemed  inadvisable  to  do  so  for  safety  seasijns.  It  can  be  argued 
that  whenever  a man  must  be  present  as  a monitor  he  should  be  used  as  a controller  so  as 
to  make  unnecessary  the  extra  cost,  added  weight,  and  Increased  maintenance  load  which 
complete  automatization  w)uld  entail. 

Finally,  in  many  situations,  it  is  not  feasible  to  simplify  the  operator's  task  to  the 
point  of  requiring  uf  him  only  olmple  ampUficatlOi*.  In  seme  systems  the  man  is  used 
precisely  because  he  can  do  more  In  a tracking  loop  than  amplify.  In  these  circumstances 
it  would  be  aelf-defewUng  to  attempt  to  carry  the  simplification  process  too  far.  This 
would  be  true,  for  exam,  U,  in  the  case  of  handiebe*  iracking  systems  which  utilize  the  man, 
no*  only  «.a  an  error  detector  and  analogue  computer,  but  as  the  power  dilvss  as  well  In 
such  cases,  complete  redesign  of  the  system  would  be  required  if  one  sought  to  suppUuit 
(he  human  element  entirely.  In  these  cases,  one  must  be  satisfied  with  the  more  modest, 

yet  suit  very  appreciable,  improvements  to  be 
brought  about  through  Usk  simplifications  which 
stop  short  of  the  ultimate. 


APPUCATION  CF  THF  PrlI^Ci^LE  TO  THE 
DESIGN  or  MANUAL  TRACKING  SYSTEMS 


The  simplest,  prartlcal  tracking  system  known 
which  can  be  mar^e  u>  follow  with  precision  a 
constant  velocity  ’nput  is  repr^se''»ed  In  Fig.  3A.  ^ 
In  figure  the  elides  containing  crosses  rep- 
resent mechanical  or  electrical  dilferentiajs  which 
add  algebraically.  The  system  Is  shown  to  consist 
of  two  cascaded  integrat'^rs  with  feed-forward 
loops  around  both.  Path  c reprebonts  the  pOalUon 
com(«>r.cnt;  path  b,  the  veiodt*’  component;  and 
path  the  acceleration  component. 


i not  requirca  foritaniUiy  if  Ihrrc  i*  no  <ime  lag  in 
»>  •tern  cai.  be  ihown  praettesUy,  however , i.iat  -he  pontion  component  i»  “cqulred 
‘-1-  'lAbility  if  ther.  is  a tlrre  delay  in  the  ayatem  of  the  ord-ir  ol  'he  humar*  -eacti'm  time 
Mr  ce  »he  Argurn-  . bich  will  be  made  reqatrea  ihe  tranafer  properMea  oi  the  facking 
• 'j  be  ■ Uicientlv  general  to  the  human  to  be  a part  the  travkin,^  loop,  the 

suion  comp  *nt  muat  be  included  AH  9tatemet.*a  ronr#rr.ing  *’ibiMty  '»•»  *o 
A • .is  laljc''  n rmnd 


Figure  3 - Three  equivalent 
folic  * up  syaterra 


^/ctually,  the  poattlon  palhvMy  i 
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The  transfer  properties  of  the  part  of  the  system  enclosed  wtthtn  the  broken  line  are 
expressed  in  the  followfr^  equation: 

fig  = a t b Si  + c s'l  (2) 

This  Is  the  'open  loop’  equation  tor  the  system. 

Figures  3B  and  3C  represent  alternative  ways  of  achieving  the  same  input -output  rela- 
tionships obtaining  In  3 A.  In  both  of  these  figures  the  process  of  differentiation  is  sym- 
bolized by  a square  box  conUinlng  the  ratio  d/dt.  In  Fig.  3B,  the  output  of  the  ilrst  Inte- 
grator Is  the  rate  component,  while  position  is  obtained  by  differentiating  this  rate.  In 
Fig,  3C,  a double  differentiation  of  the  double  Integration  provides  the  component  of  posi- 
tion. while  rate  is  obtained  by  dHferamatlng-onlyonce  the  output  of  the  two  cascaded  inte- 
grators. Other  ways  of  structuring  the  block  <Uagr^  will  be  apparent,  but  these  will  suf- 
fice for  the  purposes  of  this  paper. 

To  achieve  stability  with  any  one  of  the  three  equivalent  devices  shown  In  Fig.  S,  care 
must  be  exercised  In  properly  adjusting  the  gains  of  the  three  pathways.  A slight  error  In 
setting.  If  It  were  In  the  rfght  direction  would  cause  the  tracking  device  to  become  prone 
to  oscillation,  and  the  total  reir.oval  of  the  poslUon  and  velocity  pathways  would  result  In 
pronounced  Instability. 

On  the  other  hand,  the  removal  of  the  Integrators  twuld  result  In  a lag  error.  If  only 
one  Integrator  was  removed,  a constant  lag  error  tvou'.d  result,  which  would  be  proportional 
In  amplitude  to  the  input  velocity.  If  both  Integrators  miT»  removed,  the  tracking  device 
would  exhibit  a lag  error  which  would  change  In  amplitude  at  a c instant  rate  proportional 
to  Input  velocity.  Obviously,  none  of  these  conditions  <s  tolerable  In  a tracking  device. 

The  transfer  properties  of  the  tracking  system  described  above  are  general.  In  the 
sens*  that  they  do  not  specify  the  precise  nature  of  the  mechanisms  accomplishing  the  var- 
ious functions.  Thus,  the  Integrations  and  feed-forwards  required  may  be  performed 
mechanically,  electronically,  or  even  through  human  behavior.  Furthermore,  there  is 
nothing  to  prevent  certain  of  the  hur.cttons  being  carried  out  (say)  mechanically  while  the 
remainder  are  supplied  by  the  behavior  of  the  man. 

Such  a situation  Is  diagrammed  Ir  Fig.  4.  The  block  diagram  represents  the  human 
jperatot  as  responding  to  displayed  error  through  the  movement  of  a damped  Joystick.  The 
figure  shows  the  complete  system  as  consisting  of  three  basic  parts — the  man,  the  control, 
and  the  mechanism.  In  the  diagram,  the  damped  Joystick  control  Is  shown  as  acting  as  a 
single  Integrator  In  accordance  with  the  earlier  lUscusslon,  The  box  in  the  diagram  labeled 
MECHANISM  Is  represented  as  performing  no  function  other  than  amplification. 


Fi^-re  4 frickiig  syttein  with  a 
Jc  'npfcl  j Loniroi  and  no  aiamg 
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U It  Is  assumed  that  the  input -output  relationship  of  the  man-operated  system  s a 
close  statistical  approximation  of  that  represented  in  Fig.  3,  and  If  the  control  element  and 
mechanism  element  together  provide  only  the  function  of  one  Integration,  If  follo'cvs  that  the 
functions  of  the  second  integration  ana  the  two  feed-forward  loops  must  be  supplied  by  Uie 
man.  Ccnseq^uentiy,  In  Fig.  4 the  man  is  shown  as  acting  analogously  to  a differentiator, 
an  amplifier,  an  integrator,  and  two  algebraic  adders,  all  in  combination.  The  square  box 
labeled  T is  Included  in  the  fi^*ure  as  a representation  of  tne  human  reaction  t^me. 

From  what  has  gone  before,  it  w.>uld  be  predicted  tnat  the  precision  of  the  tracking 
system  would  be  enhancec'  if  the  operator  were  relieved  of  the  necessity  of  acting  in  such 
a complex  fashion.  Furthermore,  it  has  been  hypothesized  that  the  tracking  would  be 
improved  most  if  the  man  were  required  to  act  only  as  a simple  amplifier. 

One  might  accomplish  this,  leaving  the  control  unchanged,  by  introducing  circuitry  into 
the  mechanism  which  would  carry  out  the  requited  Integraiicns,  differentiations,  and  feed- 
forwards. H this  were  done,  it  would  be  expected  that  the  operator  would  adjust  rapidly 
to  the  changed  requirements  by  simplifying  his  mode  of  action  to  a level  analogous  to  sim- 
ple amplification.  AU  this  is  tantamount  to  Interchjuiglng  the  functions  of  the  man  and  tho 
mechanism  as  represented  in  the  diagram.  In  Fig.  S tMs  interchang'd  has  been  accomplished. 


Figuf*  5 • Tracking  ayatem  with  a damped  Joyatiek 
control  and  perfect  aiding 


Aided  Tracking 

Aiding  with  Different  Types  of  Controls  - Though  no  direct  test  of  this  system  design 
is  known  ever  to  Have  been  made.'irTs  interesting  to  note  that  an  arrangement  otherwise 
identical  to  that  shown  in  Fig.  5,  with  the  exception  that  the  derivative  term  Is  not  Included, 
has  been  used  for  many  years  In  gun  fire  rontroi  devices  under  me  name  ?!  ‘rate  aiding.* 
Much  experlmc*'.tal  and  pragmatic  evidence  exists  to  indicate  that  aiding  of  this  type 
improves  ^racking  considerably.  Tests  will  be  run  in  the  future  to  chock  the  additional 
Improvement  predicted  to  occur  when  th:j  derivative  term  Is  added  to  the  aiding  circuitry. 

At  least  In  theory,  it  is  quite  possible  to  restructure  me  tracking  system  for  the  use 
of  controls  other  than  a damped  joystick  and  still  permit  the  huma.n  operator  *o  perform 
as  a blmpie  amplifier  However,  to  do  this,  it  is  necessary  to  alter  the  clrcv  Ury  'within  the 
mechanism  each  time  the  cortrol  is  changed  in  such  a fashion  as  to  hold  co  smut  the  ovei  - 
ail  transfer  funcuor  both  elements  acting  In  combination.  Thus,  In  Fig.  6 ina,  be  seen 
thf  block  diagram  of  the  tracking  system  arranged  w»r  an  undamped,  nigh  inertl  JoysUck, 
wislle  Hg  dlsoiavb  the  system  desigt  'cI  wi*h  a prctnurc  Joystick  as  the  operator’s  control 

n ^.luwT^  id  Fig.  6 that  me  m im*g»atlo«v?  'Supplied  by  the  action  of  force  on 
. igh  iMC'-ua  'he  n''ecCarlrm  !•'  reprosented  an  supplying  -.tablllzation 
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Figure  6 - Tracking  ayatem  with  an  inertial  joyatick 
and  perfect  aiding 


Figure  7 > Tracking  syatem  with  a preaaure  joyatick 
and  perfect  aiding 

through  tiro  feed>fori»urd  loops  supplying  position  and  velocity  components  to  the  final 
output.  'Perfect*  aiding  In  tills  case  la  obtained  through  cascading  properly  tiro  differen- 
tiating circuits  and  a simple  amplifier. 

Quite  different  from  this  Is  the  case  In  Fig.  7 wherein  the  tracking  control  in  a pres- 
sure joystlcic.  With  such  a sys';em,  the  action  of  force  upon  the  control  Introduces  nc  inte- 
grations, with  t.*^ ' result  that  integrators  must  be  Inserted,  along  with  feed-forward  loops, 
within  the  mechanism.  Thus,  it  should  be  clear  that  the  circuit  requirements  for ‘perfect* 
aiding  vary  with  the  nature  of  the  manual  control  In  use,  and  that  discussions  of  aided 
tracking  become  fully  meaningful  only  when  the  nature  of  the  control  is  specified. 

Althougn,  reasoning  mathematically,  there  Is  nothing  to  permit  a choice  among  the 
systems  shown  m Figs.  5,  6,  and  7,  since  they  are  all  equivalent,  it  ts  to  be  expected  that 
some  differences  will  emerge  under  test.  Such  differences  might  be  expected  to  arise  from 
the  dlffei  ent  kinesthetic  patterns  set  up  by  the  application  o'  lorce  to  the  three  different 
controls,  though  at  present  It  is  not  possible  Cu  guess  which  arrangement  would  be  superior. 
The  reasoning  underlying  the  basic  principle  enunciated  earlier  In  this  report,  would  lead 
only  to  the  assertion  that  all  three  of  the  systems  would  b more  precise  than  any  other 
arrangements  which  required  more  of  the  man  than  simple  ampUficallon. 

Required  to  Track  Maneuvering  Targets  - Up  to  now,  the  discussion  has 
involved  iranualiy  operated  tracking  systeu.s  ditlgned  to  follow  constant  velocity  courses. 
One  lb  naturally  led  to  wnat  recommendations  can  be  i&ade  concerning  the  design 

control  systems  Intend^r  to  be  u-»ed  against  targets  .naneuverlng  cetillstlcaUy.  Such 
«rgel  iourses  contain  important  amounts  acceleration  and  rale  of  change  A 
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ratio  ol  1 to  2 to  8 proven  to  be  slightly  superior  to  the  predicted  optimum.  This  single 
discrepancy  Is  not  at  all  surprising  In  view  of  the  multlpllc'ty  of  factors  Involved  In  deter- 
mining optimum  time  constants  of  this  variety. 

Sven  though  a:'.  Interplay  of  many  processes  determines  optimum  aiding  ratios,  It  Is 
possible  to  give  a very  general  statement  of  idiat  Is  accompUshed  when  the  sensitivity 
values  of  the  various  components  are  proportioned  correctly.  It  appears  that  the  proper 
aiding  constants  for  any  manually  operated  control  system  are  such  that  the  correction  of 
the  position  error  simultaneously  reduces  to  zero  any  concommiiant  errors  in  rate,  accel- 
eration, or  the  higher  derivatives.  When  such  a condition  prevails,  continuously  sustained 
actions  are  made  unnecessary  and  man  can  track  accurately  by  .vctlng  as  a simple 
amplifier. 

It  Is  true,  of  course,  that  since  human  reaction  time  varies  from  person  to  person  and 
from  moment  to  moment,  the  best  aiding  ratios  are  correct  only  on  the  average.  This 
means  that  the  operator  vrtll  be  free  to  act  as  an  amplifier  only  In  a statistical  or  average 
sense.  To  the  extent  that  the  man  samples  Irregularly  rather  than  periodically.  It  irtll  be 
necessary  for  lum  add  to  his  basic  process  of  ampUilcation-at  one  time,  integratiua, 
ut  another,  ditlerentlatlon.  However,  It  Is  assumed  that  on  the  average,  the  transfer  func- 
Llon  of  the  adept  tracker  will  approximate  that  of  a simple  amplifier  if  the  sensitivities  of 
the  various  feed-forward  loops  are  adjusted  properly. 


The  Relative  Difficulty  of  ner.tal  Integration  and  Differentiation 

Up  to  now,  no  mention  bae  been  made  of  the  relative  difficulties  to  ths  humsn  operator 
of  performing  ths  psychological  processes  which  are  analogues  of  Integration,  differen- 
tiation, feed-forward,  and  algebraic  addition.  It  has  only  been  asserted  that  all  of  these 
mental  functions  are  difficult,  and  that  steps  should  be  taken  to  relieve  the  operator  of  the 
need  tor  performing  as  many  of  them  as  possible.  It  would  be  highly  desirable  If,  la  addi- 
tion to  the  basic  design  principle.  It  were  possible  to  present  quantitative  Information 
about  the  Increase  ,n  variability  and  reduction  In  precteton  expected  to  occur  as  tho  man 
takea  on  additional  laialogue  Integrations  or  differentiations.  If  such  Information  were  avail- 
able,  the  control  erglneer  would  have  a boats  for  determining  tho  amount  of  Improvement 
which  could  be  expected  from  altering  the  design  In  a certain  fashion.  Furthsrmors,  11 
circumstances  prevented  him  irum  attaining  tho  ultimate  simplification  of  the  operator’s 
task,  he  wouiu  be  able  to  choose  the  best  possible  compromise. 

Unlortunately,  only  the  most  Indirect  evidence  exists  as  to  the  man’s  lelatlvs  and 
>D-olute  ability  to  perform  different  analogue  mathematical  proceases.  One  example  of 
the  kind  of  evidenro  mai  u -vaiiable  concerns  the  relative  precision  of  the  human  when 
performing  mental  tasks  aralogous  to  integration  and  differentiation.  The  evidence  Is  pro- 
vided by  two  similar  tracking  studies,  one  done  In  Engla.nd  by  Olbbs  and  Clutton-Baker  (8), 
and  one  by  Blrmlngh  m at  the  Naval  Research  Laboratory  (3).  in  both  of  these  experiments, 
tracking  accura-y  w.th  a pressure  joystick  was  compared  to  that  obtained  with  a damped 
joystick.  The  tao  studies  agrees  In  finding  that  the  pressure  stick  ants  superior  to  the 
damped  control. 

The  most  Important  dlllersnee  between  the  two  experiments  Involved  the  circuitry 
Interposed  between  the  control  and  the  display.  In  Gibbs  study  a single  Integrator  was 
employed  In  the  mechanism  to  provide  “ rate'  tracking  wltn  both  the  pressure  aUck  and  the 
displacement  control.  In  •'-e  NRL  study,  both  Joysticks  w«r«  utilized  with  * acceleration 
aiding’  circuitry.  In  Ft|j  o the  two  tracklrg  systems  tested  at  NUL  are  siiown  In  block 
diagrams. 
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scceleratlon  perhaps  even  higher  terms.  Certainly,  the  tracking  systems  outlined 
above  would  have  to  be  modified  to  handle  adequately  such  Inputs.  However,  It  Is  believed 
that  the  reasomng  remains  the  same  regardless  of  the  nature  of  the  Input.  In  order  to  make 
the  system,  previously  discussed,  .dequate  for  trading  courses  containing  higher  derivatives. 
It  is  thought  necessary  to  modify  them  only  to  tho  ezten*  of  lr.scrtlr,g  additional  Integrators 
with  feed-forward  loops  around  them  and  properly  adjusting  tho  gains. 

Thougn  no  rule  is  available  to  IndicaU  precisely  how  many  Integrators,  with  asso- 
ciated feed-forw-,rd  loops,  should  be  employed  for  courses  of  different  characteristics,  it 
Is  thought  that  little  or  no  improvement  vnuld  result  from  uis  addition  of  more  than  four 
or  five.  Searle  tig)  found  a definite  improvement  in  system  performance  when  two  Inte- 
grations rather  than  one  were  incorporated  in  an  aided  tracking  circuit.  Since  he  employed 
a damped  Joystick,  the  total  number  of  Lntegratlone  taking  place  between  the  hand  and  the 
system  output  were  three  In  the  case  of  the  best  arrangement,  and  two  for  the  other.  Unfor- 
tunately, neither  he  nor  any-one  else  har  reported  systematic  tests  of  aiding  arrangemon  _ 
Incorporating  more  than  three  integrations. 

The  control  designer’s  task  of  choosing  the  proper  number  of  Integrations,  with  'sso- 
ciated  feed-forivard  loops,  Is  made  less  critical  by  the  fact  that  If  more  Integrations  are 
provided  than  are  needed  at  any  moment,  the  superfluous  Integrations  do  no  harm  as  long 
as  stahluty  and  transient  problems  have  been  handled  adequately.  Thu  unnecessary  Ints- 
gratl!^  devices  merely  fall  to  contribute  significantly  to  the  out^t  under  these  circum- 
stances and,  thus,  at  worst,  orJy  a miste  of  circuitry  la  Invol.ed.  Becauss  of  this,  It  would 
seem  prudent  to  bmld  aidsd  trajclng  systems  which  are  Intended  to  handle  a variety  of 
Inputs  with  a suft.clent  number  of  tategraUng  circuits  to  provide  for  the  mere  complex  tar- 
get courses  expected.  Sy  th.3  means,  maxluum  trackbig  precislo.n  will  he  assured  at  all 
times  regardless  of  the  complexity  of  the  tracking  task. 

Aiding  Ratios  - It  has  been  pointed  out  that  the  purpose  of  aided  tracking  Is  to  remove 
from  hhe  operator  the  burden  of  integration,  differentiation,  feed-forward,  and  analogue 
addition  and  mulupllcaucn,  and  to  permit  him  to  operate  as  a simple  amplifier.  To  approach 
this  Ideal  as  closely  as  possible,  it  is  necessary,  not  only  to  insert  the  proper  components 
Into  the  mechanism,  but  also  to  adjust  the  various  gains  correctly. 

It  Is  known  that  the  epumum  relationship  between  the  gains  of  the  various  feed-forward 
loops  varies  with  the  time  delays  in  tne  system  and  with  the  nun  <er  of  components  being 
combined  Because  of  this,  testa  of  the  optimum  “time  constant*  i position  scnslCvlty 
divided  by  rate  sensitivity;  give  values  which  vary  from  C.2S  to  h.O  seconds  JlCy.  It  appears, 
however,  that  for  continuous  tracking  tasks  vhere  the  loop  Is  tight  and  where  the  display  Is 
such  as  to  permit  fine  resolution,  the  optimum  time  constant  lies  between  O S and  0.9  second. 

As  to  time  constants  lor  discont'.nuous  tracking  tasks,  Mi..nler,  Russell,  and  Preston 
(U)  developed  an  equation  for  t.he  uptlmum  aiding  ratio  to  be  used  with  PPI  presentations 
whore  the  targe;  appears  intormltte,nly.  They  c i.icluded  that  ths  optimum  time  constant 
In  such  use  always  cqusUed  the  numerr  of  seconds  between  ’ paints*  on  the  radir  o'reen 
rhty  also  pointed  out  that  their  result  was  consistent  with  a time  constant  of  aoout  one  'a'.f 
second  lor  continuous  tracking  11  the  man  Is  aasumsd  to  respond  Intermittently  at  Inter- 
vals 01  0.5  .second. 

Sear  c U9),  assuming  that  the  addition  of  an  acceleration  component  to  pooltlon  and 
rate  would  Im  le  systecu  performance  for  „ontlnuou8  tracking  tasks,  undertook  a seiies 
.(  tesla  of  aioed  tracking.  Accepting  the  assumption  of  intermltls.-it  sampling  by  the  oper- 
ator .at  a Irequency  oi  two  , .’r  second,  and  carrying  over  the  reasonlnv  of  Mechler,  Russell, 
and  Preston  Ui  Include  acceleration,  Searle  predicted  th»*.  che  optimum  ratios  ul  component 
seosUl'.itlss  would  be  1 to  4 to  8 for  position,  rate,  and  accelcrat*  m,  respectively  This 
iireiiction  was  confirmed  in  two  ol  three  experuuen'.i  which  he  ran.  In  a third  lest  an  aiding 
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Figure  S • Flow  chert*  snowing  the  different  humen  teek* 
posea  c/  m damped  Joystick  and  a pressure  control 

In  these  diagrams,  tt  Is  assumed  that  three  tntegratluns  with  associated  leed-forward 
loops  are  required  in  order  for  the  whole  system  to  function  adequately.  This  is  not  a criti- 
cal assumtpion,  however,  for  the  argument  to  be  presented  Is  the  same  no  matter  how 
many  Integrators,  bevond  two.  are  needed.  It  Is  apparent  from  Fig.  8 that  the  man  Is 
required  to  act  as  a simple  amplifier  and  a differentiator  when  tracking  with  the  damped 
joystick,  whereas  he  must  act  analogously  to  an  integrator  plus  a simple  amplifier  when 
using  the  pressure  )o>suck.  Thus,  with  either  system,  ths  operator  is  called  on  to  per- 
form two  mental  tasks,  with  one  of  them -^amplification— being  common  to  the  tw)  situ- 
ations, and  with  the  second  task  oeing  differentiation  In  one  case  and  Integration  In  the 
other. 

In  the  British  study,  the  human  operator  was  required  to  act  In  a more  complex  fash- 
ion with  boin  tiie  aressure  Joystick  and  the  damped  control.  H wever,  In  this  experiment 
like  that  o!  KRL,  the  only  difference  In  »he  operator’s  mental  activity  In  the  two  tracking 
sysiems  was  that  when  tracking  with  ine  pressure  stick,  In  addition  to  other  mental  tas^, 
he  was  required  to  aU  like  an  integratoi , whereas  with  the  damped  JoysUck  system,  the 
task  of  differentiation  was  substituted  for  that  of  integration. 

Since  ooth  studies  agreed  in  .showing  that  the  8>siem  was  more  precise  with  the  pres- 
sure control  than  with  the  damped  joystUa,  it  may  follow  that  the  hum.'in  is  able  to  carry  out 
analogue  integration  better  than  analogue  differentiation.  However,  since  tne  two  tasks 
cutnpared  t.he  studies  differed,  not  only  in  regard  to  the  analogue  Cv«mputatlon  required, 
but  also,  as  Gibbs  points  out,  in  lespect  to  the  of  the  k^nesthe..!?  feedback  pat- 

ions  evoked  in  applying  force  to  the  Joysticks,  any  conclusion  from  the  results  mus?  oe 
regarded  as  highly  tentative.  Only  when  a comparison  of  the  human's  proficiency  in  into- 
gi  atliig  ana  cUiierentlating  Is  run  in  an  uncontaminated  test.  <an  a .oncluslon  be  reached 
which  Is  oet^er  a.  .lormec  guess. 
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APPLICATION  OF  THE  PRINCIPLE  TO  THE  DESIGN  OF 
SPECIAL  CONTROL  SYSTEM  DISPLAYS 

Unburdening  and  Qulckenii^ 

An  analysis  cl  the  manner  in  which  aiding  enhances  system  performance  >incovers 
two  processes  which  act  simultaneously  but  in  quite  different  ways  to  slmpUfy  the  human 
operator’s  task  and  to  better  system  operation.  One  of  these  has  the  effect  of  relieving 
the  man  oi  the  necessity  of  applying  force  continuously  cr  in  some  time-sequenced  pat- 
tern. In  the  systems  discussed,  relief  has  been  provided  by  Inserting  integrators  in  the 
mechanical  portions  of  the  system.  This  process  of  easing  lue  human’s  task  by  reducing 
the  required  effort  may  be  termed  'unburdening,’  since  it  has  this  effect  on  the  man. 
Because  in  ->ome  practical  Instances,  unburdening  is  accomplished  by  regenerative  com- 
puters considerably  more  complex  than  simple  integrators,  the  term  appears  to  be  generic 
and  to  apply  in  many  situations  not  hitherto  discus:  'd 

A secono  process,  of  equal  Importance,  may  also  be  distinguished  as  contributing  to 
the  enhancement  of  system  performance  brought  about  through  aiding.  This  process  may 
be  termed  'quickening,’  since  one  of  its  effects  is  to  pro-qde  the  operator  with  immediate 
knowledge  of  the  results  of  his  own  actions.  In  aiding,  qulckerdng  is  accompUshed  by  feed- 
forward loops  which  add  position,  rate,  and  oiher  necessary  higher  components  to  the  out- 
put of  the  Integrators  which  are  performing  the  unburdening  operation  Since  the  system 
output  is  continuously  led  back  and  displayed  to  the  operator,  he  is  made  Instanlaneously 
aware  of  the  early  effects  of  his  own  actions  if  quickening  is  adequate. 

In  the  tracking  systems  discussed  up  to  now  the  two  proctsats  complement  one  another, 
with  unburdening  making  It  unnecessary  for  the  operator  to  supply  Integrations,  and  with 
quickening  relieving  the  human  o(  the  necessity  of  dlfferentlatti^.  Both  procesats  melio- 
rate system  precision,  the  former  by  reducing  human  effort  and  eemovtng  lag  errors,  the 
latter  by  providing  stability. 

In  all  of  the  systems  met  with  so  far,  unburdsnlng  and  quickening  have  a direct  effect 
on  the  system  output  as  well  us  a secondary,  indirect  effect  resulting  from  the  operator’s 
responses  to  these  changes.  Though  ft  would  seem  that  the  very  nature  of  unburtenlng  was 
such  that  It  coulo  not  be  achieved  without  direct  modification  of  the  output,  this  Is  not  true 
of  quickening.  In  certain  circumstances  the  Utter  can  be  accomplished  through  altering 
the  nature  of  the  Information  led  back  and  displayed  to  the  man,  without  changing  In  any 
direct  lashlcn  the  output  of  the  system.  This  fact  is  extremely  Important  since  it  means 
that  the  benefits  of  q\ilckenlng  can  be  achieved  even  in  those  systems  "ehere,  for  ono  reason 
or  another,  'he  output  Ic  inaccessible  to  direct  manlpuUtlon.  Thus,  in  such  man-machine 
control  systems  as  those  of  ships  ur.d  airplanes,  where  the  outputs  are  determined  in  Urge 
par  0,  immutable  hydrodynamic  or  aerodynamic  force  relationships,  enhanced  stabiUty 
and  precision  are  still  attainable  through  the  quickent.ig  of  the  Information  displayed  to  the 
numan  operator.  This  corresponds  closely  to  the  use  of  eeruln  types  of  equalliatlon  net- 
work? to  stabillre  fu'ly  automatic  systems  in  similar  situations. 


■A  Quickened  Display 

An  example  of  a case  requiring  display  qulcker'ng  is  provided  by  a control  system 
block  diagrammed  in  Fig.  S.  This  device  is  intended  to  operate  on  a course  input  which 
consists  only  of  step  function  position  changes,  so  spaced  that  the  full  correc'ion  of  any 
one  step  may  be  achieved  be.i . t the  next  requires  aUion.  The  time  constants  of  the  four 
Integrators  are  long,  and  this,  coupled  with  the  fact  that  the  Integrators  shift  the  plmse  of 
'he  input  through  380  degrees,  causes  the  system  to  be  quite  unsUblc. 
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^($urc  10  -Thecontroi  •y«temwlth  quickening  taking  effect  on  output 


The  quickening  of  this  device  presents  an  intriguing  problem  since  the  obvious  solu- 
tion diagrammed  in  Fig.  10  is  ruled  out  by  clrcurasUnces  which  prevent  making  changes 
whicn  affect  directly  the  output  of  the  control  system.  The  problem  may  be  solved,  how- 
e>er,  by  picking  off  the  components  of  position,  rate,  acceleration,  and  the  first  derivative 
of  acceleitiuun,  amplifying  them  properly  and  adding  them  algebraically  In  the  feedback 
loop  going  to  the  display  (Fig.  11} . The  ^spiay  may  take  the  form  of  a double -pointer  dial, 
with  one  pointer  . esponding  to  ordered  input  and  with  tne  other  beir:g  controlled  by  the 
quickened  feeaoack.  With  this  arrangement,  the  man  has  only  to  operate  his  control  so  that 
the  follow-up  po'  .•‘r  matches  the  input' pointer  at  all  times  Tests  run  wlLi  such  a device 
~iave  indicated  mat  instability  may  be  completely  eUminated  by  this  means  of  quickening. 

Two  other  examples  of  quickened  displays  similar  to  this  ^tre  provide  jn  aircraft 
instrument  developments.  The  first,  and  probably  the  best  known,  example  of  display 
quickening  Is  burnished  by  an  Instrument  known  as  'The  Sperry  Zero  Readei  (13,  IS). 


Figure  11  • The  cotttrol  »yitem  with  quickening 
taking  effect  on  display 


Figure  12  • A control  system  with  (liter  in  loop 


The  other  example  Is  the  * Inatrumert  Approach  System  Steering  Computer*  described  by 
Anderson  and  FrlUe  \1)  Both  of  these  developments  incorporate  circuits  which  effect 
a partial  tightening  of  the  loop  around  U 3 pilot  by  giving  him  more  Immediate  knowledge 
of  the  results  of  his  responses. 


Quickening  a Filtered  Display 

The  insertion  of  a filter  Into  a control  loop  often  results  in  system  instability  A track- 
ing system  degraded  In  this  fashion  is  pictured  In  Fig.  U.  In  this  diagram,  the  filter  is 
shown  as  taking  effect  on  error,  which  In  this  case.  Is  the  algebraic  sum  of  the  Input  and 
the  output.  Tests  of  such  a tracking  system  show  that,  with  moderate  or  long  time  constants 
of  the  filter,  the  output  tends  vo  oscillate.  This  is  the  result  of  the  fact  that  the  operator 
perpetually  over  - and  undershoots  In  his  corrections,  since  the  filter  distorts  and  delays 
Information  about  the  effects  of  his  own  behavior.  Quickening  Is  required  to  overcome  this 
lag  between  what  the  man  rccs  and  what  he  sees  himself  do. 

To  exp;ain  the  me  vns  whereby  this  quickening  can  be  accomplished,  It  is  first  neces- 
sary lo  reoraw  the  block  diagram  to  show  a system  maiiiematkaUy  equivalent  lo  that  dla- 
gramaiv-a  In  Mg.  I*!.  In  the  restructured  diagram.  Fig.  l3,  the  single  lllte’*  has  been 
removed  and  tvw)  denticai  with  the  l iglnal,  luve  suostttuied.  With  one 

of  these  acting  directly  upon  the  input  and  with  U»-  other  filtering  tbo  fed  back  outpu..,  the 
transfer  cuaracterlstlcs  of  the  restructured  system  are  identic*!  with  those  of  the  original, 

''howii  In  Fiq  12  The  onlv  difference  between  the  two  arrangements  Is  Uiai  uuerlng  of  the  t 

'npui  and  fed  bask  output  Ov.curs  after  they  are  addodtogether.inthermf.  case,  ar.dbcfore  j 

addiMor..  in  M.c  f 
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Figure  13  • Filtering  equivalent  to  thet  shown  *n  Figure  12 


Figure  14  • The  introduction  of* 
ccmplenertAry  filter  in  the  (eedbeck  loop 
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Figure  '5  • The  effect  of  t.»<  filtering 
shown  In  Figure  l4 


To  quicken  the  system  as  it  is  represented  in  Fig.  13  it  is  necessary  to  nullify  the 
effect  of  the  filter  in  the  feedback  loop.  Th's  can  be  done  by  Inserting  a complementary 
filter  In  a loop  around  the  original  filter  as  in  Fig.  14.  If  this  complementary  filt.^r 
the  characteristic  nbollzed  as  1-F,  where  F Is  the  characterlstir  r.t  t.'ch  of  me  ■'flglnal 
filters,  the  effect  will  be  to  remove  all  filtering  from  the  ted  barn  output.  The  •system 
miy  now  be  pictured  as  having  the  functions  snown  In  Fig.  15.  The  quickening  is  perfect, 
and  the  operator  is  given  immediate  knowledge  of  the  results  of  his  actions. 


NAVAL  IICICANCH  LAFOKATeCV 


19 


Ho««ver,  though  the  quickening  hne  Improved  the  reaponse  characteristics  of  the 
system  as  far  as  the  human’s  tracking  is  concerned,  In  this  Instance  it  has  also  introduced 
a siaeable  dynamic  error  into  the  man-machine  system  output.  Phis  can  be  seen  by  refer- 
"Ing  to  Fig.  18,  and  comparing  the  system  input  with  the  system  output.  The  sinusoids 
appearing  at  various  places  in  this  figure  symbolize  the  response  of  the  system  at  these 
points  to  the  i.nput  frequencies.  The  high  fr'ouency  ‘noise*  superimposed  on  the  basic 
low  irequency  component  in  c and  d is  generatr  i by  the  human  attempting  to  maintain  zero 
ervor.3 

The  system  outpui  (cl  differs  frem  the  system  input  (a)  In  amplitude  and  phase  because 
the  fed  back  system  output  (d)  does  not  match  the  input.  1.  t rather  the  input  alter  filtering 
fb).  To  overcome  this  attenuation  and  phase  shift  and,  at  the  same  time,  to  permit  quick- 
ening, it  is  somehow  necessary  to  cause  the  low  frequonclee  to  be  filtered  in  the  feedback 
as  well  as  in  the  input  and,  yet,  to  let  the  operator’s  high  frequency  correction  motions 
come  through  unflltered.  This  can  be  done  by  adding  to  the  1-F  circuit  of  Fig.  14  an  appro- 
priate high-pass,  “antlblas*  filter  as  shown  in  Fig.  17.  When  this  is  done,  the  trseker’s 
mgn  frequency  corrective  responses  pass  through  the  filter  combination  in  the  feocback 
loop  and  are  displayed  essentially  immodlfled.  However,  the  low  target  course  frequencies 
are  prevented  by  tlie  antlblas  filter  from  passing  through  the  1-F  circuit,  though  they  do 
pass  throiqfh  F,  and  are  thereby  attenuated  and  delayed  by  an  amount  equal  to  that  achieved 
by  F acting  on  the  input.  This  Ic  to  say  that  with  respect  to  the  low  target  frequencies,  the 
system  shown  in  Fig.  17  Is  similar  to  the  systems  represented  In  Figs.  12  and  13,  In  that 
no  bias  dt  slops.  On  thr  other  nand,  with  respect  to  the  human’s  high  tracking  frequen- 
cies, the  system  of  Fig,  17  is  similar  to  that  shown  In  Figs.  14  and  IS,  In  that  the  opera- 
tor receives  Immediate  Indlcatitin  of  his  corrections. 


^For  rraiDni  cl  timplic.l,  and  ciari'y  thv  ainuauids  'fpretvn.ing  ,v»ltrn  r-aponae 
rc  p.cl  irtd  aa  di'fa-.ng  onlv  ip  an-pli'.ad-  'n  ac'ualil  the  phaa^  ahitta  which  arc  .or- 
ftlat.'d  Wi'ih  attrpuat  'jp  Art  .u  pa ra/n'iiipr  iti.pcrtap— e p the  devrlopprirpt  of  the  hiaa 
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In  this  my,  by  combining  complementary  and  antlblas  tlltera,  quickening  Is  achieved 
and  stability  Is  obtained  without  Introducing  a degrading  bias.  The  conjoint  use  o<  these 
two  types  ol  filter  la  sometimes  termed  ‘treatment.’  Flgitre  l8  Is  operationally  equiv- 
alent to  Fig.  17  and  shows  tne  treatment  circuits  applied  to  tlie  system  as  It  was  originally 
diagrammed  In  Fig.  12. 

A simulator  was  set  up  at  NHL  to  act  as  an  analogue  of  this  system.  Human  operators 
tracked  a sinusoidal  course  srtth  the  device  and  the  system  output  was  recorded.  Three 
conditions  were  compared.  In  one -third  of  the  trials  the  operators  tracked  with  no  (liters 
and  no  treatment  circuits  In  the  system  (Condition  1).  Another  third  o'  the  trials  were  run 
with  the  (liter  In,  but  with  no  treatment  (Condition  2).  This  condition  Ic  represented  In 
Fig.  12.  The  remainder  ol  the  trials  were  run  with  the  (liter  in  and  with  treatment  also 
Incorporated  In  the  system  (Condition  3).  The  resuT.s  ol  this  experiment  are  shown  In 
Fig.  19.  It  la  clear  that  the  quickening  produced  by  treatment  was  efficacious  in  reducing 
the  tracking  ayror  almost  t"  the  level  obtaining  In  Condition  1.  Thun,  tbs  dsgradlng  effects 
of  the  original  (liter  are  almost  completely  removed  by  the  treatment  networks. 

An  analysis  of  the  control  system  described  earlier  and  diagrammed  In  Figs.  9,  10, 
ar.d  11  Indicates  that  had  the  input  to  the  system  bean  anything  other  than  a series  of  step 
(unction  position  changes,  an  antlblas  netvKirk  would  have  been  required  when  the  quickening 
was  performed  as  In  Fig.  11.  In  (act.  It  Is  probably  true  that  most  effortc  to  quicken  a 
display  without  affecting  the  system  output  directly  will  <-esult  in  a system  bias  unless 
some  form  of  a.ntlblaE  network  Is  Included  in  the  quickening  circuitry.  At  present,  the 
design  of  these  antlblas  clrculta  Is  a relatively  undeveloped,  but  highly  promising  >ld. 


Figure  18  - An  Antlbia*  network  combined 
with  A complementury  ftlter  as  a c t u a 1 1 y 
Applied 


Figure  ly  ' The  elfec»  of  filtering  «nd 
trcAtmeot  upon  trecK.ng  e-ror 


CONDITIONS 


PART  2 


A STIMULUS-RESPONSE  ANALYSIS  OF  THE 
SIMPLIFICATION  PRINCIPLE 

STIMULUS-RESPONSE  INTEGRITY 

In  the  lirst  part  ol  th'  ■ report,  a human  engineering  principle  ol  control  design  was 
stated  ind  explained.  The  principle  asserted  that  man-machlnc  continuous  control  systems 
should  be  designed  so  that  the  task  ol  the  operator  Is  as  simple,  mathematically,  as  pos- 
sible, and  whenever  teaslble,  no  more  complex  than  that  ol  analogue  amplification.  This 
principle  follows  from  the  assumption  that  the  simpler  the  mathematical  characterization 
of  his  task,  the  more  precise  and  the  less  variable  becomes  the  operator. 

U Is  I scognized  Uut  there  Is  very  little  experlmenial  evidence  yet  available  to  support 
this  assumption  and,  certainly.  It  cannot  be  held  that  the  supposition  Is  self -obvious  on 
logical  grounds.  Yet,  It  1s  believed  that  the  assumption  rests  on  a basis  more  solid  than 
pure  speculation.  It  Is  the  major  purpose  of  the  second  part  of  this  report  to  attempt  to 
show  that  the  design  principle  Itself  and  the  conjectures  upon  which  It  Is  based  are  entirely 
In  accord  with  the  relevant  facts  of  psychology.  Toward  this  end,  a start  may  be  made 
by  discussing  the  process  of  amp  ificatlon  and  describing  the  stimulus-response  relation- 
ships that  prevail  when  the  design  principle  has  been  followed  to  the  end. 

With  a simple,  linear  amplifier  the  amplitude  of  the  output  Is  directly  proportional  to 
the  amplitude  of  the  Input.  More  or  less  the  same  relationship  will  hold  for  a human  act- 
ing analogously  to  an  amplifier  In  a control  system.  If  It  Is  assumed  that  force  Is  the  human 
output  and  that  the  direction  and  amplitude  of  the  visual  error  Is  the  Input,  then,  were  the 
man  to  act  as  i simple  amplifier,  he  would  hold  force  at  all  times  proportional  to  the  mag- 
nitude of  the  visual  misalignment. 

That  he  cannot  do  this,  however,  In  any  strict  sense  is  attested  to  by  considerable 
evidence,  cited  eariler.  Indicating  that  the  human  Is  an  Intermittent  rather  than  a continu- 
ous renno.i.ler.  As  has  been  suggested  before.  It  seems  reasonable  to  suppose  that  the 
operatoi  ol  a system  responds  to  'he  visual  error  now  and  then  rather  than  all  the  time, 
and  further,  that  once  a response  <s  under  way.  It  runs  Its  course  ungulded  by  visual  events. 

But  this,  In  no  way.  Invalidates  the  design  principle  nor  alters  the  general  proportion- 
ality between  the  amplitude  of  the  visual  error  Input  and  the  man's  force  output,  when  he 
p-rlorms  as  an  amplifier.  The  Inter.uilttency  sets  a limit  to  the  operator's  bandwidth  and 
reduces  the  proportionality  of  his  Input -output  relationships  from  strict  to  approximate 
Except  for  thl.a,  however,  human  Intermlttency  requires  no  modlflcatlor  In  the  basic  thesis 
of  this  report. 

The  translation  ol  the  process  of  amplification  into  stimulus -response  terms  begins  by 
Identifying  die  direction  and  amplitude  of  the  visual  error  as  the  primary  stimulus  for 
analogue  amplification  and  the  force  output  ol  the  man  ? the  resiionse  w’lih  stimulus  and 
response  thus  denoted,  It  may  f .rther  be  pointed  out  that  n those  situations  where  the  man 
'3  free  tn  aet  a.s  an  amplifier,  an  Invariant  and  proportional  relationship  will  be  found  to 
exist  between  the  primary  stimulus  and  the  required  response  This  is  tc  say  that  the 
Information  contained  in  the  instantaneous  am.plitude  value  of  ‘he  stimulus  Is  sufficient  to 
speclfv  completely  iht  i-sponse  which  will  reduce  that  value  to  zero. 

At  first  glance,  this  condition,  which  wlii  be  j eierrcd  1 1 from  now  on  a.-  'sUmulus- 
respon.s,  irtegrltv.''  .ippears  'o  be  entirely  eomnionplaee  and  hardly  worthy  of  note,  not  to 
-nen'iofi  rime  Yet.  the  jccurrenie  ol  the  slate  is  far  m..re  r.ire  than  one  nuglit  suppose. 

As  a rr  atter  of  fi 't  It  tar,  be  der.ion.slrated  that  this  one-li  - mt  -efaiUinshtp  betv'eei 
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stimulus  »nd  response  holds  for  no  control  arrangement,  whatsoever',  other  than  one  Cull'' 
ing  for  analogue  ampUflcat'on  on  the  part  of  the  operator.  In  every  *^iher  case  the  human’s 
task  Is  mathematically  more  complex  and  the  operator  must  take  something  Into  account 
other  than  the  amplitude  of  tho  visual  error.  In  some  situations  the  nr.an  must  try  to  mod- 
ify his  response  to  the  visual  signal  in  terms  of  his  memory  of  the  way  the  error  has  been 
changing  ;n  the  past.  At  other  times  he  must  vary  his  response  to  the  visual  error  depend- 
ing upon  information  supplied  by  kinesthetic  feedback.  But  in  all  cases,  except  those  call- 
ing for  the  mathematically  simplest  operator  task,  the  correlation  between  the  response 
and  the  amplitude  of  the  primary  stimulus  Is  low,  since  the  human  output  is  a function  of 
several  stimulus  dimensions  rather  than  only  one. 

It  was  pointed  out  earlier  in  the  report  that  two  different  processes  were  involved  in 
simplifying  the  human’s  role  In  a control  system.  One  of  these  (unburdening)  Involved 
supplying  mechanical  or  electronic  aids  ^ich  would  relieve  the  man  ot  the  necessity  of 
applying  force  continuously  over  extended  periods  of  time.  The  other  (quickening)  consisted 
of  giving  the  operator  immediate  knowledge  of  the  results  of  his  own  actions.  When  bo^h 
of  these  processes  are  carried  to  completion,  the  goal  of  the  design  principle  is  achieved, 
and  only  simple  amplification  is  required  of  the  human  operator.  However,  less  than  com- 
plete unburdening  and  quickening  results  in  conditions  where  the  man  must  perform  tasks 
which  are  mathematically  more  complex  than  amplification.  It  is  convenient,  therefore, 
to  organize  the  ensuing  discussion  around  these  two  procespcs  and  to  make  the  effort  to 
show  how  they  relatu  to  stimulus-response  integrity. 


f 

h'complete  Unburdening  ! 

Let  it  be  assumed  that  the  operator  oi  a man-machine  control  system  is  responding  by 
applying  force  to  a pressure  stick  in  response  to  a tracking  error  presented  on  a vicual 
display.  If  the  unburde*‘ing  is  limdequate,  i.e.,  if  an  Insufficient  nuniber  of  integrators  are 
included  in  the  system  mechanism,  the  man  will  be  required  to  apply  force  continuously  for 
varying  periods  of  time  m order  to  track  the  target.  Furthermore,  It  will  be  found  that, 
under  these  conditions,  the  amount  of  force  and  the  direction  In  which  it  must  be  applied  • 

bears  no  constant  relationship  to  the  direction  and  amplitude  of  the  error  as  it  is  displayed. 

5 

Thus,  If  the  operator  must  supply  one  integration  In  order  to  track  (say)  a constant  ; 

velocity  target  moving  from  left  to  right,  he  wU!  be  applying  a constant  force  in  such  a , 

direction  as  to  counter  the  steady  input  when  the  amplitude  of  the  diuplayed  error  is  zero.  i 

This  is  to  say  that  the  man  must  emit  a sustained  output  with  the  input  at  zero.  If  the  ’ 

I'uurse  Is  supplied  in  the  opposite  direction,  then  this  time,  tne  operator  will  achieve  a zero  ^ 

error  by  applying  force  in  the  opposite  direction.  Finally,  If  the  course  Input  Is  i amoved,  . 

the  visual  error  r»»mu  ^ to  zero  when  the  man  applies  no  force  to  his  control.  / 

It  is  clear  from  this  that  the  same  visual  stimulus  (zero  error)  calls  (or  a response 
' lurce  output)  in  one  direction  at  one  time,  the  opposite  direction  at  another  time,  and  for 
no  response  at  all  (zero  force)  at  a third  time.  In  order  for  tne  operator  to  tal  ’ correct 
action  under  all  of  these  clrcumsvances,  U is  clearly  evident  that  more  Information  Is 
required  ‘nan  Is  supplied  by  the  primary  stimulus. 

A similar  slate  of  affairs  may  be  shown  to  exist  with  a tracking  erro-  of  finite  size. 

Deper^  g upon  what  has  beer  going  on  prior  *o  the  development  of  such  an  error,  the  error 

call  for  lai  ihr-  \ppUcatlon  of  force  in  tne  indicated  dlrecthm,  if  no  force  is  already  ’ 

b.  rg  applici,  cr  .\n  increa'iC  ‘n  the  amount  f force,  If  force  Is  being  applied  In  Ihe  - 

l:  tjicaiea  direct’ Jr.,  or  i c ) a decrease  in  the  airount  of  force,  if  force  Is  already  Dnng 
applied  In  the  oirecilon  jppo^lte  to  that  indicated 
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Hoth  c!  these  lUuStr»:;on5  siiuw  a coi.ultloa  of  low  stimulus-response  Integrity,  since 
tne  required  response  oeais  rto  invariant  ralatlcnshtp  to  the  instantaneous  amplitude  value 
of  the  stimulus.  Rather,  the  behavior  called  lor  at  any  moment  must  be  educed  from  pro- 
perly weighted  and  combined  date  Jointly  supplied  by  the  visual  error  amplitude  and  the 
memory  of  the  response  events  Immediately  preceding  the  act.  In  these  examples,  the 
reduction  in  the  integrity  has  been  brought  about  by  insuflicieni  unburdening,  although  luau- 
equate  quickening  produces  a similar  elfect  in  a dlfterent  way,  as  vdll  now  be  shown. 


Inadequate  Quickening 

In  situations  where  there  Is  a time  delay  In  the  control  loop,  the  Instantaneous  ampli- 
tude values  of  the  visual  stimulus  generally  will  net  correspond  to  the  reo'died  amplitude 
values  of  the  response.  This  can  be  understood  If  one  visualizes  a dampen  Joystick  track- 
ing device  with  only  a simple  amplifier  In  the  mechanism  ( Fig.  4'.  Into  this  system  let  a 
long  transmission  delay  be  Inserted.  It  now  the  subject  perceives  a visual  error  iniected 
as  a position  step,  and  responds  by  applying  force  to  the  Joystick  In  the  appropriate  direc- 
tion, he  will  recive  no  visual  ccnllrmatlon  of  the  fact  that  force  has  been  applied  until  one 
delay -time  later.  If  the  operator  has  been  continuing  to  apply  force  throu^ut  the  whole 
transmission  delay  In  his  effort  to  reduce  the  error,  he  scon  discovers  that  he  has  over- 
controlled to  a marked  extent. 

What  the  operator  would  have  had  to  do  in  order  not  to  overcorrect  would  be  to  start 
Out  by  responding  to  the  visual  error  Just  as  he  did,  but  thei.,  after  the  'orce  had  been 
applied  for  a time,  to  react  to  the  unchanged  visual  error  by  reducing  applied  force  to  zero. 
In  other  wirda,  In  order  to  correct  the  error,  the  opetator  would  have  h^  to  make  two 
different  responses  at  different  times  to  the  same  stimulus.  Quite  obviously,  this  Is  a 
condition  of  low  stimulus-response  Integrity.  Warrick  (26)  has  demonstrati  d that  a trans- 
mission delay  oi  as  little  as  40  mlUlseconds  affects  tracking  performance  adversely,  though 
the  operator  Is  not  consciously  aware  of  the  delay. 

Unpublished  studies  done  at  NKL  and  the  Aero  Medical  Laboratory  at  Wrlght-Pattsrson 
Air  Force  Bane  have  shown  that  exponential -type  delays  In  the  tracking  loop  also  degrade 
‘.racking  performance  by  an  amount  related  to  the  time  constant  of  the  delay.  As  Is  the 
case  with  the  transmission  lag,  the  exponential  delays  bring  about  disruption  through 
reducing  the  stimulus-response  Integrity  ol  the  system.  The  cure  with  both  types  of  time 
lags  IS  the  most  direct  form  of  quickening,  l.e.,  the  removal  of  the  delay. 

Quickening  of  a somewhat  different  type  Is  required  In  aided  tracking.  CtirtousP 
enough,  the  chief  necessity  for  It  arises  from  the  Insertion  of  Integrators  Into  the  tra  'king 
loop  for  the  purposes  of  unuurdentng  the  operator.  These  Integrators  Introduce  r phase 
shift  which,  as  far  as  the  human  Is  concerned,  acts  like  a time  lag. 

To  exemplify  this  situation,  let  It  be  assumed  that  an  operator  le  tracking  with  a pres- 
sure stick  control  and  with  two  integrators  and  two  feed-forward  loops  inserted  In  the  mech- 
anism (Fig.  7).  With  such  an  arrangement  In  proper  adjustment  and  with  simple  .arget 
courses  the  man  can  act  like  an  amplifier  and  track  with  high  precision,  since  a good  cor- 
relation prevo  Is  between  me  instantaneous  value  oi  tne  .isual  error  and  the  response 
required  to  reuoce  it  to  zero. 

However,  all  mis  Is  changed  when  the  foed-foiward  loops  are  removed.  With  no  qa'ck- 
ent.-is  tne  operator  beg...u  to  overshoot  and  oscillate  arcuml  t,-e  target.  In  servo  terml- 
.to.og>.  the  .ystcin  is  unstable,  and  If  the  operator's  tas  ' In  this  unqulckened  situation  ts 
analyst  d it  car  bi  see"  why  In  order  (or  the  man  to  know  what  response  to  make  at  any 
y-cmp*s  time  he  must  take  Into  account  (1)  the  InetaPtanec'us  „rectlon  and  amplitude  ol 
O'e  dispu.ed  visual  err"r.  i2)  the  velocity  at  which  the  error  position  ha"  been  changing 
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and  (3)  the  rate  of  cbajige  of  the  velocity  of  the  error.  Yet  at  any  Instant,  only  the  direc- 
tion and  amplitude  of  the  error  are  displayed  directly,  where  as  the  other  two  quantities 
must  be  supplied  by  estimates  based  upon  error  values  extending  back  in  time.  If  the 
Instantaneous  error  value  Is  taken  to  be  the  primary  stimulus,  It  follows,  therefore,  that 
at  different  times  different  responses  are  required  for  the  same  stimulus. 

For  example,  the  operator  must  respond  to  an  error  of  a certain  value  by  applying 
force  in  the  Indicated  direction  If  the  error  has  just  been  increasing  at  a constant  or  accel- 
erating rate.  However,  ne  must  respond  to  the  same  stimulus  by  applying  force  In  exactly 
the  opposite  direction,  II,  during  Its  recent  past,  the  error  has  been  diminishing  at  a con- 
stant or  Increasing  rate.  Finally,  he  may  have  to  exert  no  force  at  all  If  the  error  is 
decreasing  at  a decreasing  rate.  In  short,  without  the  quickening  provided  by  the  feed- 
forward loops,  stimulus -response  Integrity  Is  destroyed  and  the  tracking  system  tends  to 
'aecome  unsuoie. 

F:  'm  the  loregolng  it  seems  evident  that  there  Is  a close  relationship  between  math- 
ematical ana  psychuloglcal  deacrlptlsns  of  human  control  task  complexity.  Thus,  the  oper- 
ator need  atteno  only  to  the  palmary  stimulus  while  performing  the  analogue  of  the  mathe- 
matically simple  ta^  of  amplification,  whereas  he  must  simultaneously  take  account  of 
several  channels  of  Information  when  acting  In  the  more  complex  mathematical  roles  of 
Integration  and  dllferentlatlon. 

It  seems  reasonable  to  expect  that.  In  general,  complex  psychological  processes,  such 
as  those  mediating  responses  which  are  based  upon  Information  culiud  from  several  dif- 
ferent channels,  will  vary  more  from  one  Instant  to  another  than  will  the  relatively  uncom- 
oUrat.'d  operation  of  acting  on  values  within  a single  Informational  dimension.  In  other 
words,  one  would  expect  performance  based  upon  simple  stimulus-response  bonds  to  be 
less  erratic  than  actions  evoktd  through  the  exercise  of  complex  stimulus-response 
connections. 

The  simplification  principle,  which  Is  the  raison  d’etre  of  this  report,  stan''j  or  falls 
on  the  assumption  that  the  cordltlan  of  sUmulUB-response  integrity  Is  associated  with 
reduced  human  variability  and  enhanced  response  precision.  It  Is  now  argued  that  this 
association  te  produced  by  virtue  of  the  fact  that  the  comUtton  of  etlmulus-responee  inte- 
grity prov'des  the  operator  with  the  easiest  of  all  poselble  eye-hand  coordination  tasks. 


l-E.tKNDfG 

Providing  the  operator  with  a specific  task,  simple  or  complex,  dues  not.  however, 
insure  his  perfat  lance  of  ft.  A second  aesumptton  behind  the  design  principle  is  that  the 
human  will  learn  to  change  hie  performance  when  the  presented  task  Is  changed,  l.e.,  he 
will  learn  to  do  whatever  he  Is  supposed  to  do  In  order  to  optlmlae  his  own  performance. 
Thus,  it  Is  assumed  that  if  thr  system  is  deelgned  to  require  complex  actions  irom  the 
operator  he  will  gradually  learn  to  iierform  then,  whereas,  11  only  simple  acts  are  called 
lor  he  will  adjust  his  “set’  so  as  best  to  execute  these. 

mere  is  certainly  no  question  that  the  human  can  leai  .ough  trial-and-error  In 
circumstances  slmU-.r  to  those  encoutered  by  an  operator  of  a man-machine  system. 
A'.sun.!ng  adequate  moti  .on  In  the  form  of  intc'- est  the  task  and  desire  to  perform  well, 

thei  e IS  everv  reason  to  suppose  that  the  operator  c a machine  will,  In  time,  come  to 
adjust  his  response  characteristics  so  that  he  is  doing  whatever  is  necessary  to  Keep  tile 
error  beloa  some  “-nsslmai  tolerable"  level.  True,  this  tolerance  oivel  elli  vaiy  with 
’-ondltlons,  11  ‘ne  tasK  proves  dllflcull,  it  will  probally  be  set  high,  wnlle  for  simple  tasks 
l*  -111  undoubtedly  be  lowered,  further,  tre  average  size  of  the  error  tolerated  by  the 
ojirrator  will  probably  vary  wUh  the  stage  of  his  learning  and  the  ieeel  of  proiicienev  with 
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T.’hich  he  !s  capable  of  pcrformlRg.  Nevertheless.  It  Is  unlikely  that  anyone  will  seriously 
challenge  me  assertion  mat,  given  sufficient  practice,  tne  man  can  learn  to  perform  con- 
trol tasks  representative  of  a wide  range  of  mathematical  and  psychological  difficulty. 

The  hazard  In  the  assumption  relates  to  the  speed  of  learning.  If  the  operator  learns 
rapidly  there  Is  no  problem,  bat  should  weeks  of  piactlce  be  required  in  order  for  me 
human  to  change  his  response  characteristics  to  those  ocmanoed  by  the  mechanical  co.mpo- 
nents  of  the  man-machine  system,  the  design  principle  as  stated  earlier  may  be  open  to 
serious  question.  To  be  specific,  It  the  operator,  when  called  upon  to  do  so,  cannot  start 
acting  fairly  quickly  In  a manner  akin  to  simple  amplification  (l.e.,  start  applying  force 
roughly  In  proportion  to  the  amplitude  of  the  visual  error),  the  simplification  principle,  as 
presently  stated,  no  longer  holds  true.  Experimental  evidence  Is  sorely  needeu  on  this 
point. 


COMPENSATORY  AND  PURSUIT  DISPLAYS 

adot  as  the  speed  with  which  an  operator  can  learn  to  change  his  mode  of  response 
may  be  critical  In  regard  t.  >he  validity  of  the  simplification  principle,  so  also,  may  be  the 
rahire  Of  the  visual  display  employed  In  the  system.  Up  to  this  point  In  the  report,  very 
little  has  been  said  about  the  manner  In  which  information  should  bo  presented  to  the  oper- 
ator. This  neglect  has  resulted  from  a preoccupation  with  ways  and  means  of  overcoming 
the  necessity  for  presenting  complex  Information  to  the  man.  However,  It  Is  quite  likely 
that  the  nature  of  the  display  vlU  Influence  system  performance  to  an  Important  extent. 

For  example.  It  la  to  be  expected  that  In  those  cases  ydiere  It  has  not  been  possible  to 
achieve  complete  stimulus -response  Integrity,  the  man  will  do  his  best  only  when  he  Is 
provided  with  adequate  Information  for  the  Integrations  and  differentiations  which  he  must 
carry  out.  On  the  other  hand.  In  systems  where  the  operator  need  act  only  as  an  ampli- 
fier a simpler  display  may  be  In  order  since  less  Information  Is  required. 

Two  fundamentally  dltferent  types  ol  display  have  been  employed  In  research  studies 
on  tracking.  One  o(  these,  termed  a ‘compensatory*  dl'play,  presents  to  the  human  a fixed 
center  reference  mark  or  reticle  and  a moving  * target  Image*  which  responds  to  the  dif- 
ference between  the  Input  to  the  control  system  and  some  function  of  the  output.  VTth  such 
a display,  the  operator’s  task  Is  to  center  the  target  signal  and  to  hold  It  on  center  as  well 
as  he  c n by  means  of  appropriate  responses  with  the  control.  This  display  presents 
dlrec'l)  to  the  operator  only  visual  error  In  terms  of  direction  and  amplitude.  No  Imme- 
diate Inference  as  to  the  nature  of  the  target  course  ts  permitted  since  the  Input  and  output 
of  the  system  are  muiuAily  contaminated  through  being  mixed  together. 

In  contrast  to  this  “single  channel*  Indicator  Is  a “pursuit"  display  which  presents 
three  channels  of  Information  rather  than  only  one.  Visual  error  i-  here  shown  as  the  dis- 
tance between  two  separately  actuated  signal  markers.  One  ol  ih'sc  markers  re.sponds 
directly  to  system  input,  whereas  the  second,  representing  system  output,  may  be  made 
lo  oursue  the  first  when  the  operator  applies  appropriate  forces  to  the  control. 

By  means  of  this  one  display.  Information  Is  provided  to  the  man  which  permits  him 
to  take  account  of  ihe  properties  of  the  Input  and  output  Independently  of  one  another,  as 
well  as  the  nature  ol  the  error,  Tnus,  i!  Input  rate  Is  required,  the  pursuit  display  provides 
Inlorn.atlon  which,  when  d"  rentiated  by  the  operator,  furnishes  inis  quantity.  Di  Contrast, 
the  compensatory  display  does  not  provide  this  inlormaticn,  nor  does  It  supply  anything 
w.-ic '.  tne  mar.  can  operate  upon  directly  to  obtain  system  o.itput  rale.  In  the  oursu;t  indl- 
c.t.oi  me  lauer  is  prcideo  by  the  response  of  one  ol  t 'wo  signal  markers 

I,  p lo  now,  the  aisnisslon  In  both  parts  ol  this  . eport  has  assumed  that  a lompensatory 
oi'pi.tv  was  being  ‘'mnioyed  m ,ill  man-machine  s\ stems  described  This  is  true  ' >r 
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the  indicator  associated  with  the  control  system  discussed  mde  the  heading  A Quickened 
Display  on  page  15.  Though  the  dispiay  is  aescnoed  as  a double-pointer  dial,  the  nature 
of  the  system  is  such  that  during  those  periods  in  arhlch  the  operator  Is  carrying  out  his 
control  task,  one  of  the  pointers  remilns  stationary  while  the  other  1«  neld  In  alignment 
with  It  through  balancing  responses  made  by  the  man. 

Compensatory  indication  has  been  assumed  throughout  this  repo-^  since  it  is  far  more 
frequently  Lit  CAlOhMiA  :sr.trol  systems  than  arc  displays  ot  the  pursuit 

variety.  This  >.hoice  is  InHuenced  by  the  serious  practical  llmttatlor  s on  the  usefulness 
• pttrsuii:  displays.  Perhaps  one  of  tho  moat  troubler.ome  of  these  Is  the  restricted  sensi- 
tivity oi  this  type  ot  indicator.  If,  for  example,  ail  360  degrees  of  azimuth  and  80  degrees 
of  elevation  nad  to  be  displayed  slmultaneoualy  on  the  Indicator,  as  snuld  be  required  If 
a pursuit  display  were  used  to  present  tracking  information  In  c gunfire  control  director, 
sensltr/lty  would  have  to  oa  so  much  reduced  that  precise  control  would  be  ttnpossible. 

In  con'rast  to  this,  very  high  error  magnifications  can  be  achieved  by  using  compensatory 
displays. 

But  to  return  to  the  discussion.  It  vrouid  be  predicted  that  If  a pursuit  display  could  be 
used  tt  would  make  possible  more  precise  Human  performance  than  would  a compensatory 
Indicator  under  conditions  of  less  than  perfect  unburdening  and  quickening.  This  would 
result  from  the  fact  that  the  pursuit  display  would  supply  the  operator  with  more  Informa- 
tion than  would  the  .ompeneatory  indication.  However,  If  the  condition  of  perfect  stlmulus- 
reaponse  Integrity  had  been  realized,  the  additional  information  provided  by  the  purauit 
display  would  not  be  needed  by  the  operator.  Consequently,  In  this  case.  It  would  be  expected 
uwt  Datuai  ifw  difference  would  be  found  between  the  two  *^s  of  Indicators  or  inat  the 
pursuit  display  would  actually  become  worse  than  the  compensatory.  This  would  occur  If 
the  extra  Information  prasented  In  the  pursuit  display  had  a distracting  effect  on  the  oner- 
ator.  Such  considerations  suggest  thet  the  benefits  to  be  derived  from  the  uoe  oi  one  type 
of  Indicator  over  another  will  vary  with  tie  level  of  complexity  ot  the  operator’s  task  In 
the  system  In  question. 

Studies  by  Poulton  (16)  and  Senders  and  Cruzen  (30)  attest  to  the  superiority  ot  a pur- 
suit display  over  a compensatory  Indicator  In  an  unaided  tracking  syetem.  By  means  of  an 
Ingenious  arrangement,  it  was  possible  for  Sendere  and  Cruzen  to  present  the  subject  «ith 
elUur  a purrult  or  compensatory  display  situation  or  Intermediate  combinations  of  the  two. 
They  found  tnal  the  tracking  Improved  continuously  as  the  conditions  were  gradually  altered 
Irom  the  pure  compensatory  arrangement  to  the  pure  pursuit  condition,  though  the  change 
from  50  percent  to  100  percent  pursul  was  not  statistically  significant  Their  findings 
support  the  contention  that  if  the  operator  must  act  os  an  analogue  computer  In  order  to 
track  prof  jiently,  the  pursuit  display  will  turnteh  him  with  the  best  Information. 

Unfortunately,  adequate  evidence  is  lacking  !n  regard  to  the  hypothesis  stated  above 
that  the  superiority  of  the  pursuit  display  over  the  compensatory  will  disappear  when  the 
system  Is  perfectly  unburdened  and  quickened.  Research  on  this  matter  has  begun  at  the 
Naval  Research  Laboratory. 
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